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Abstract
Trace elements composition of the metal and sulfide phases in iron meteorites
have been studied in 42 iron meteorites and 2 pallasites. 19 iron meteorites thick
sections containing sulfide inclusions have been mapped and their mineralogy, tex-
ture and major and minor element compositions analyzed by SEM and EPMA and
their trace elements composition measured using LA-ICP-MS. A highly homoge-
neous fragment of Cape York troilite has been found suitable to be used as a sulfide
standard for moderately volatile elements in LA-ICP-MS analysis. A further 34
sulfide samples were digested in ultrapure acids and analyzed by Solution-ICP-MS.
In thick sections, the iron meteorites Dronino, Nantan and Patos de Minas
showed a rim of Ni and Co-rich sulfides around troilite (FeS) nodules, they are
terrestrial weathering products of the troilite. X-RD analysis produced the char-
acteristic pattern for pentlandite ((Fe,Ni)9S8) and heazlewoodite (Ni3S2). Analy-
sis of powder from a sulfide nodule of Uruac¸u also showed presence of magnetite
(Fe3O4) and goethite (FeO(OH)), infilling cracks within the troilite nodule. Terres-
trial weathering and shock-melting are found not to aﬀect the moderately volatile
trace elements content of the sulfide, except for Ni and Co that are enriched by
terrestrial weathering.
Bulk iron meteorite compositions have been calculated from LA-ICP-MS and
Solution-ICP-MS measurements. They show a depletion of moderately volatile ele-
ments (condensing between 1350 and 650 degrees K) and the strongly volatiles Cd
and In. The depletion is greater for IVA irons. IABs, IIABs, IIIABs and pallasites
have similar levels of depletion which are greater than what has been observed for
ordinary chondrites. The selenium content of the sulfide is inversely correlated with
bulk Ni content and the bulk selenium vs. bulk sulfur content show loss of a sulfide
liquid from the IIIAB and IVA parent-body but not from the IAB group which lies
on the CI line.
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Chapter 1
Introduction
There is a growing consensus that most iron meteorites come from bodies
that accreted early –even before the parent bodies of the chondrites– and
that 26Al, which has a half-life of 0.7Myr, is the major heat source that
melted them.
Goldstein et al. (2009)
This thesis is concerned with the geochemical and cosmochemical processes in-
volved in the formation of iron meteorites. The aim of the research is to calcu-
late representative and reliable estimates of the bulk elemental composition of iron
meteorite groups, which will represent the compositions of the parent-bodies in
siderophiles and chalcophile elements. Particular importance is given to extension
of the range of data available for the moderately and highly volatile elements, in
order to compare the volatile depletion patterns of chondrites and iron meteorite
groups. Diﬀerent volatile depletion patterns could be indicative of their respective
parent-bodies forming in diﬀerent locations of the solar nebula.
To estimate the bulk elemental composition of iron meteorite groups, careful
consideration about geochemical behavior of elements, magmatic processes during
parent-body diﬀerentiation, eﬀects of cosmic shock and terrestrial weathering are
needed. Only chalcophiles and siderophiles elements are considered in this thesis
because iron meteorites do not generally allow access to the silicated portion of
the parent-body.The measured elemental abundances are normalized to Ni in order
to take into account the enrichment of siderophile elements due to parent-body
1
2 Introduction
diﬀerentiation and/or metal segregation (with or without core formation, the later
being for IABs formation).
Identification of meteorites aﬀected by shock and terrestrial weathering is done
through a detailed textural, mineralogical, compositional and literature study, de-
tailed in chapter 3 for terrestrial weathering and chapter 5 for cosmic shock. Partic-
ular emphasis is then given in identifying the potential trace element compositions
changes caused by those secondary processes. When possible, weathered and/or
shocked iron meteorites are then used to grow the number of compositional datasets
available for each group to converge towards a more accurate average bulk compo-
sition.
Preliminary versions of this work were presented in a poster at the 74th Annual
Meteorical Society meeting and talks were given at the 75th Annual Meteorical
Society meeting and the 2011 Society of Electron Microscopy Technology meeting.
The abstracts and poster are given in A. The poster and abstract presented for
scientific outreach at an Imperial College graduate school research symposium are
also given in A.
1.1 Classification of iron meteorites
Iron meteorites are divided into “magmatic” irons and “nonmagmatic” or “silicate-
bearing” irons. A review of iron meteorites classification and crystallization histories
of each group is given by Goldstein et al. (2009). The magmatic irons, represented
by the groups IIAB, IID, IIIAB, IVA and IVB, show trace elements (Ga, Ge, Ir, )
vs. Ni or Au compositional trends in agreement with the fractional crystallization
of a central core of separate asteroid parent-bodies for each group (Scott, 1972).
The “nonmagmatic” irons represented by the IAB, IIICD (or IAB-complex) and
IIE have a more widespread composition resulting from a complex history. They
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are rich in silicates inclusions, with some of them having a chondritic composition
(Bunch et al., 1970) and contain higher abundances of volatile elements than the
other groups (Goldstein et al., 2009). The compositional diﬀerences between groups
can be attributed to diﬀerent compositions of the parent-magmas and linked to
formation in cores of diﬀerent parent-bodies (Scott, 1972). This can be linked to
diﬀerent compositions of starting material condensed in the solar nebulae (Scott,
1972) and/or addition of material during core formation. The IAB group is not
thought to be associated to a parent-body with a central core, but rather coming
from pools of metal within a parent-body and/or destruction and reassembly of a
parent-body before core formation was achieved. This group also contains silicates
with the same composition and Delta O18 than winonaites (Weisberg et al., 2006b),
which are themselves related compositionally to chondrites (intermediate between H
and L, Benedix et al. (1998)). Lastely, there are “ungrouped” iron meteorites which
are outliers on the trace elements plots (at least 5 meteorites are required to make a
group, if 4 or less it is called a grouplet (Weisberg et al., 2006a)), these ungrouped
meteorite make up 15% of the iron meteorites (Weisberg et al., 2006a) and 40% of
irons in the Antarctic collection (Wasson, 1990). The ungrouped meteorites could
represent a large number of poorly sampled asteroids.
Goldberg et al. (1951), Lovering et al. (1957), Wasson and Kimberlin (1967) and
subsequent work by Wasson and coworkers (Wasson, 1999; Wasson and Richardson,
2001; Wasson and Kallemeyn, 2002; Wasson and Choi, 2003; Wasson et al., 2007)
have extensively determined the abundances of Ga, Ge and other trace elements
in the bulk iron meteorites to better determine and characterize the iron meteorite
groups. Schematic trace elements plots are shown in Figure 1.1.
4 Introduction
Figure 1.1: Plot from Goldstein et al. (2009) with data from J. T. Wasson (with
permission, Elsevier license number 3926980728370). This log log plot shows con-
centrations of trace elements used for the classification of iron meteorites: Ge vs.
Ni and Ir vs. Ni.
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The pallasites are a mixture of olivine crystals and iron-nickel alloy that are
thought to come from the core/mantle boundary of a diﬀerentiated asteroid and
their metal composition is consistent with the IIIAB parent-body (Scott (1977) and
Wasson and Choi (2003)). In this thesis, the trace element composition of metal
and/or sulfide of 14 IABs, 1 IC, 6 IIABs, 14 IIIABs, 4 IVAs, 3 Pallasites and 3
Ungrouped meteorites has been determined. Metal trace element composition of 3
Ordinary Chondrites has also been measured for reference.
1.2 The significance of iron meteorites and their
chemistry
There are 49 recorded iron meteorite falls over a total of 1131 falls in the Meteoritical
Bulletin database, which means the iron meteorites comprise 4.3% of all meteorites
falls. Iron meteorites are important because they allow the study of the interiors
of planetesimals with diﬀerent accretion and thermal histories and bear information
about the early Solar System and planetary formation. The chemistry of iron me-
teorites in particular provides a means of investigating the internal processes that
control how planetary bodies diﬀerentiate at an early stage. The bulk composition
of meteorite groups also constitutes a record of nebular conditions during accretion
of the parent-body. This thesis focuses on unravelling the planetary and nebula
signatures recorded in the compositions of iron meteorites that are the result of the
disparate behavior of chemical elements.
Goldschmidt, in his 1937 lecture about the distribution of chemical element in
minerals and rocks explains that: “The principle of partition of elements between
a metallic liquid, rich in free electrons, a sulfidic liquid of a semi-metallic nature,
and anionic liquid aﬀords a classification in three groups of elements, with regard
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to their geochemical aﬃnities”. The elements are therefore divided into three geo-
chemical groups: the siderophiles that partition into liquid iron, the chalcophiles
that partition into liquid sulfide and the lithophiles that partition into fused sil-
icates. Goldschmidt defines two further geochemical groups: the atmophiles and
biophiles, respectively found in gases and concentrated by organisms. These two
last groups of elements are not studied in this thesis. The siderophile elements are
depleted in the Earth’s mantle and crust and concentrated into the core. Simi-
larly, the iron meteorites studied here are enriched in siderophile elements. Some
iron meteorites, called magmatic irons, likely represent the core of asteroid parent-
bodies and are made of about 99% of iron-nickel alloy. They also contain a small
proportion of sulfide, concentrating chalcophile elements, and silicates, containing
lithophile elements. Most of the lithophile elements in magmatic irons have been
partitioned into the silicate mantle of the parent-body. The geochemical aﬃnity
of elements is furthermore aﬀected by the redox conditions. Goldschmidt (1937)
gives the example of chromium, which is a strong lithophile in the Earth’s crust
in the presence of oxygen but is chalcophile and forms daubre´elite in a reducing
environment as he himself observed in iron meteorites. Both the oxide chromite
and the sulfide daubre´elite are found in the iron meteorites studied, chromite being
more commonly found in the iron meteorite group IIIAB and daubre´elite in the iron
meteorite group IIAB, which suggests that the IIIAB meteorites studied formed in
a more oxidizing environment than the IIABs studied. This is also known from a
higher phosphate content (Kracher et al., 1977) and Ni abundance (Benedix et al.,
2014) of IIIABs. Chabot and Haack (2004) review the information provided by
the secondary minerals and note that Sulfur and Phosphorus bearing minerals are
less and less abundant from group I to group IV and IIABs are more reduced than
IIIABs due to the presence respectively of reduced carbon (graphite and cliftonite)
and oxidised phosphorus (phosphates).
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Goldberg et al. (1951), Lovering et al. (1957), Wasson and Kimberlin (1967) and
subsequent work by Wasson and coworkers (Wasson, 1999; Wasson and Richardson,
2001; Wasson and Kallemeyn, 2002; Wasson and Choi, 2003; Wasson et al., 2007)
have extensively determined the abundances of Ga, Ge and other trace elements in
the bulk iron meteorites. Ga and Ge have been generally the most volatile elements
measured with 50% equilibrium condensation temperatures for a solar-system com-
position gas of respectively 968 and 883 K (Lodders, 2003). This study aims to
take into account more volatile elements present in the metal and sulfide phases of
iron meteorites, in order to better characterize the volatile depletion trends in each
iron meteorite group. Indeed the equilibrium condensation temperatures of sulfur
in a solar-system composition gas is 704 K (Lodders, 2003). At this temperature
sulfur starts combining with iron to form troilite and as the temperature decreases
chalcophile elements like selenium, cadmium, mercury and thallium diﬀuse into the
troilite grains. Thus diﬀerences in bulk volatile element contents and S content
could be attributed to diﬀerences of composition in the material condensed in the
solar nebula due to accretion of parent bodies sampling materials condensed to dif-
ferent temperatures. Diﬀerences in moderately to highly volatile element content in
chondrites has been observed and attributed to solar nebula processes (Wai and Was-
son, 1977) and even formation at diﬀerent heliocentric distances for carbonaceous
chondrites (Kallemeyn and Wasson, 1981). Abundances of sulfur in iron meteorites
measured by point counting of sulfide minerals on large sections and slabs by Buch-
wald (1975) gives values between 0.02 wt% and 12 wt%. Chabot (2004) modelled
the sulfur content of the parent-magma using partitioning coeﬃcients of Au, Ga, Ge
and Ir and found 12 wt% sulfur for IIIAB, 17 wt% for IIAB and 3–9 wt% for IVA.
Sulfur is incompatible and is enriched in the liquid as fractional crystallisation pro-
ceeds, except for the sulfur captured in trapped melt pockets. Liquid immiscibility
between metal and sulfide liquid can be reached. The sulfur and phosphorus con-
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tents of the parent-magma of the core have large consequences on the partitioning
of trace elements between solid and liquid metal.
Rocky solar system objects (planets, asteroids) show depletion of volatile ele-
ments relative to the solar system composition represented by CI chondrites. This
depletion has been explained by diﬀerent theories (see paragraph below) but more
importantly diﬀerent group of meteorites show diﬀerent levels of depletion. The
hypothesis to be tested is the following: if a forming solar system of spatially hetero-
geneous composition is considered, the time and locus of formation of planetesimals
and asteroids will influence their bulk composition.
The iron meteorite parent-bodies formed early in the Solar System history. As
discussed in Goldstein et al. (2009), they probably benefited from the energy of
the short-lived nuclides like Al26 to diﬀerentiate, similarly to the rocky planets,
and datation of core formation give old ages of less than 1 Myr after CAIs. This
sets them apart from the chondrites parent-bodies which have conserved a primitive
texture of matrix and chondrules and have ages of 2-5 Myr after CAIs. It is therefore
possible that the iron meteorite parent-bodies formed in the rocky planets region
and not the asteroid belt like it is thought for the chondrite parent-bodies. This is
also in agreement with dynamical models of the Early Solar System Bottke et al.
(2006). If this is the case, the iron meteorites could also be a good proxy for the
composition of the bulk Earth and other rocky planets, whereas sampling of the
metallic core of those planets is not possible.
1.3. The formation of the early solar system: the context of the formation of iron
meteorites 9
1.3 The formation of the early solar system: the
context of the formation of iron meteorites
Astronomers are able to observe giant gas clouds thousands of light years away
from us. In those gas clouds, high density regions can form causing catastrophic
gravitational collapse of the cloud and giving birth to new stars. Around these young
stars, material settles along a disk called a nebula or protoplanetary disk. Those
disks located in the ecliptic plane of the star contain the building blocks of planets
and asteroids. Collapse of the presolar cloud into the protoplanetary disk increases
the angular momentum of the disk and its mass. In turn, the angular momentum
of the protoplanetary disk causes turbulent flow and accretion of material. Most
material is transported inward of the disk causing a transfer of mass, while angular
momentum is transported outward of the disk by a small amount of material (Boss
and Goswani, 2006). Material processed at high temperature thought to come from
the inner solar system is found in interplanetary dust particles (Messenger et al.,
2006). The disk is a dynamic structure and details such as turbulence, homogeneity
and temperature are not well known. Cassen (2001) explains the volatile depletion
pattern seen in material formed in the inner solar system as a result of accretion in
a hot nebula with the most volatile elements remaining in the gas phase, not being
incorporated into the condensing matter and therefore in planetesimals and later
accretion of the gas onto the Sun. The planetesimals are thought to be decoupled
from the gas because of their large size. Boss and Goswani (2006) emphasize that
Cassen’s model requires rapid growth of planetoids and a nebula hot enough to keep
volatiles in a gaseous state, but it is never-the-less a possible mechanism. The level
of turbulence in the solar nebula is an important parameter as it limits accretion
of material and causes homogenization of the material condensed, therefore erasing
possible diﬀerences in composition. The turbulence is however necessary to keep
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the transfer of angular momentum of the disk and therefore its cohesion. Some
processes are proposed to by-pass this apparent paradox like formation of clumps
due to gravitational instabilities and shock waves explaining temperature peaks
needed for the formation of chondrules (Boss and Goswani, 2006).
1.4 Nebula heating mechanisms and accretion timescales
High temperature processes are needed in the inner part of the solar nebula in order
to explain the formation of chondrules found in chondrites. Indeed, melting of the
silicates followed by quick cooling explains best the quenched textures observed in
chondrules. A hot nebula also provides an ideal environment for depletion of mod-
erately volatile elements (Cassen, 2001). Several mechanisms could cause heating of
the protoplanetary disk:
• adiabatic compression from change of shape of the accretion disk,
• transient solar events from formation of FU Orionis stars,
• local nebula events, for example shockwaves and electrical discharges caused
by turbulent flow of material,
• formation of clumps and arms in the disk due to gravitational instabilities.
Local heating events are suﬃcient to explain the formation of chondrules but a
more extensive heating process is required if depletion of volatile elements in the
inner disk has been caused by evaporation from the condensed matter or incomplete
condensation. Multi component models, where one component of the meteorite
(matrix or chondrules for chondrites) is enriched in volatiles elements or depleted in
refractories, could also be satisfied with local events. A model where interstellar dust
material is already depleted in volatile elements could also explain the moderately
volatile elements depletion observed in chondrites (Yin, 2005).
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Russell et al. (2006) review the timescales of the solar protoplanetary disk from
dating of Calcium-Aluminium-rich Inclusions (CAIs) and chondrules and astronom-
ical observations. They distinguish three phases of disk evolution: the first solids
are submicrometer amorphous interstellar and circumstellar grains, thermal process-
ing of the grains then formed CAIs and chondrules (up to centimeter sized objects
which are submitted to evaporation and condensation processes) and finally accre-
tion of asteroids and planets. Absolute Pb-Pb dating gives ages up to 4567+/−0.7
My for CAIs and 4566.7+/−1 MY for chondrules in CV chondrites (Amelin et al.,
2002). The range in dates observed in CAIs and chondrules across chondrites indi-
cates that their formation lasted during 3 to 5 million years (Russell et al., 2006).
This is similar to disk duration observed by astronomers for stars similar to our
Sun (Russell et al., 2006). Crystallisation ages of achondrites are about 5 million
years younger than CAIs if 26Al is assumed to be homogeneously distributed across
the starting material and about 3–4 millions years after agglomeration if material
with heterogeneous 26Al content is assumed (Gounelle and Russell, 2005). The 26Al
content is then determined from proportion of CAIs, chondrules and matrix that
form simultaneously in diﬀerent regions of the solar nebula with diﬀerent initial
26Al contents.
1.5 The age, mineralogy and chemistry of Iron
Meteorites
Reviews of iron meteorites mineralogy, chemistry and classification are given by
Hutchison (2007), Goldstein et al. (2009), Haack and McCoy (2003) and Benedix
et al. (2014). The textural classification based on Widmansta¨tten pattern width
is in general agreement with the geochemical classification based on trace element
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composition of the metal. Octahedrites are meteorites presenting a coarse to very
fine Widmansta¨tten pattern, hexahedrites have kamacite with minute amounts of
taenite due to their low Ni content and ataxites are Ni rich meteorites which do
not show a Widmansta¨tten pattern. The geochemical classification provides further
refinements to the textural classification and has a genetic significance. A group is
formed by at least 5 iron meteorites forming a distinctive trend on trace element vs.
Ni or Au plot, a grouplet is distinguished when there are at least 3 iron meteorites.
Diﬀerent groups are thought to represent diﬀerent parent-bodies cores (Scott and
Wasson, 1975). The age of formation of iron meteorites is a point of particular inter-
est because short-lived isotopes such as 26Al provide a heat source for parent-body
diﬀerentiation. Bottke et al. (2006) argues that the iron meteorites parent-bodies
formed in the terrestrial planet region and were only later transferred to the asteroid
belt. Age of core formation can be determined by Hf/W dating. Scherste´n et al.
(2006) found that core formation occurred less than 1.5 Myr after CAIs formation
and was contemporaneous to chondrules formation.
1.6 Outline
This thesis studies the trace elements composition of the metal and sulfide phases
in iron meteorites and is organised in five chapters, the first and the last being re-
spectively the introduction and conclusion. The experimental methods are detailed
in Chapter 2. Optical, scanning electron microscope and electron probe have been
used to study the mineralogy and composition of the samples. X-ray diﬀraction was
used to further identify sulfide minerals produced from terrestrial weathering. Trace
elements compositions in the metal and sulfide have been determined by ICP-MS
techniques. The data obtained is presented in the three following chapters. Chap-
ter 3 details the eﬀects of terrestrial weathering and artificial reheating on the sulfide
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mineralogy and composition of the samples. Chapter 4 studies the trace element
contents of each phase for pristine meteorites and analysis from weathered mete-
orites selected to avoid weathering eﬀects. The focus is on the geochemical aﬃnities
of the elements, partitioning coeﬃcients between phases and calculation of bulk
iron meteorites composition taking into account the siderophiles and chalcophiles
elements, from measured kamacite, plessite, schreibersite and troilite compositions.
Chapter 5 studies the trace element contents in meteorites for which the nodules
have been cosmically shock-melted and compares the results to those obtained in
Chapter 4.

Chapter 2
Experimental Methods
X-rays will prove to be a hoax.
Lord Kelvin
This chapter explains the diﬀerent techniques used to measure the mineralogical
and chemical composition of the meteorites.
2.1 Introduction
The main aim of this thesis is to explain the chemical characteristics of iron mete-
orites in terms of planetary and nebula processes using new, high precision, chemical
analyses of bulk specimens and individual phases. The key techniques employed to
achieve this aim were LASER Ablation and Solution inductively coupled plasma
mass spectrometry. Chemical analyses without mineralogical or textural context
can, however, be subject to large biases in particular within iron meteorites that
can exhibit variations in mineralogy on scales larger than a single meteorite. The
mineralogy and textures of samples analyzed by LA-ICP-MS were, therefore, stud-
ied by electron microscopy in order to constrain processes that may have influenced
the components analyzed.
Optical and electron microscopy were carried out at the Natural History Museum
(NHM) to study the mineralogy, texture and major elements composition of the sam-
ples. X-ray Diﬀraction (X-RD) was also performed at the NHM to further identify
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minerals produced from terrestrial weathering of the iron meteorites. Furthermore,
LASER Ablation Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS)
and Solution Coupled Plasma Mass Spectrometer (solution-ICP-MS) measurements
were performed at the Open University. The LA-ICP-MS was able to measure
in-situ trace element compositions in metal and sulfide of samples mounted into
thick sections and the solution-ICP-MS to measure trace element compositions in
fragments of sulfides mechanically separated from sulfide nodules.
2.2 Sample description and preparation
Table 2.1 lists the 48 meteorites analyzed in this thesis and summarizes which sam-
ples have been mounted into thick sections for LA-ICP-MS and which ones have
been used for solution-ICP-MS. For microscopy, the samples were sawn on a cir-
cular rock saw with carbon tungsten blade, mounted into an epoxy block and pol-
ished to a 1 µm polish with silicon carbide and diamond powders. All the samples
mounted into thick sections or cut using water were then kept in a drying chamber
to limit formation of rust. The fragment of Cape York Agpalilik (NHM collection
BM2005M57) was too large to be cut on a circular saw, cutting procedure is de-
scribed in Appendix A and details about the orientation of the sample relative to
the main mass are shown in Figure 4.11.
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Name Group Collection Reference LASER Solution Graphite Silicates
Bogou IAB SNMNH ! +
Campo del Cielo IAB SNMNH ! +++ +
Goose Lake IAB SNMNH !
Mertzon IAB SNMNH !
Meza Verde Park IAB SNMNH !
Mundrabilla IAB WAM and SNMNH !
Nantan IAB Private P17524 !
Patos de Minas (oct) IAB Private P17535 !
Pitts IAB SNMNH !
Toluca IAB Private ! ! +
Uruac¸u IAB Private ! +
Waterville IAB SNMNH ! +++
Woodbine IAB SNMNH !
Balfour Downs IAB-sLL Copenhagen !
Santa Rosa IC SNMNH !
Bingera IIAB Copenhagen and NHM !
Braunau IIAB Copenhagen !
DRPA78009 IIAB SNMNH !
DRPA78009,8 IIAB FM !
Indian Valley IIAB NHM BM !
Mayodan IIAB SNMNH !
Patos de Minas (hex) IIAB SNMNH !
Acuna IIIAB NMW !
Augustinovka IIIAB MNHN ! +
Avoca (WA) IIIAB WAM WA127993 !
Cape York IIIAB NHM and Copenhagen BM2005M57 ! !
Carthage IIIAB NHM BM2005M79 ! +
Chulafinnee IIIAB Copenhagen !
Djebel in Azzenne IIIAB SNMNH !
Grant IIIAB SNMNH !
Sacramento Mountains IIIAB AMNH !
Thule IIIAB SNMNH !
Tieraco Creek IIIAB SNMNH ! +
Trenton IIIAB SNMNH !
Wonnyulgunna IIIAB SNMNH !
Youanmi IIIAB WAM WA13487.1 ! +
Altonah IVA SNMNH !
Duchesne IVA SNMNH ! +
Gibeon IVA Private and AMNH P17522 ! !
Sa˜o Joa˜o Nepomuceno IVA SNMNH ! +
Butsura Ordinary chondrite NHM BM !
Mezo¨-Madaras Ordinary chondrite NHM BM !
Ogi Ordinary chondrite NHM BM !
Brenham Pallasite Private !
Pallasovka Pallasite Private ! +
Seymchan Pallasite Private !
Cambria Ungrouped Copenhagen !
Dronino Ungrouped Private P17525 !
Mbosi Ungrouped NHM Enquiry !
Table 2.1: List of meteorite samples studied in this thesis. Acronyms: AMNH –
American Museum of Natural History; FM – Field Museum; MNHN – Muse´um
National d’Histoire Naturelle; NHM – National History Museum, London; NMW
– Naturhistorisches Museum Wien; SNMNH – Smithsonian National Museum of
Natural History; WAM – Western Australia Museum.
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2.3 Microscopy and electron probe
2.3.1 Light and scanning electron microscope
Electron microscopy is a technique in which a specimen can be imaged and chem-
ical analyses obtained by the interaction of the specimen with an electron beam.
Backscattered electrons are generated within the sample by incident electrons that
are ejected out of the sample due to their interaction with atoms within the sample.
Their energies are related to atomic number, and thus generate a Z-contrast image
that can be used to examine the spatial variation in composition. X-rays character-
istic to the elements present in the sample are also generated by the excitation and
can be detected by a solid state semiconductor accumulating all the wavelengths.
This is termed energy dispersive X-ray spectroscopy (EDS).The sample can then be
mapped when the instrument is used in raster mode.
A Leica microscope was used in reflected light mode for mineral identification
on thick sections. Before Scanning Electron Microscope (SEM) and Electron Probe
Microanalysis (EPMA), the thick sections were further coated with ∼ 30 nm of
carbon. For electron microscopy, X-ray frames of the sections were made with the
Zeiss EVO 15LS Scanning Electron Microscope in mapping mode with a current of
20 kV. Montage maps were then produced from individual frames by the Oxford
Instruments software INCA, providing elemental X-ray maps of the whole thick
section. Using the image processing freeware GIMP, those maps were assigned colors
with intensity relative to their grey levels and combined to produce a mineralogical
map. Furthermore, micrometer scale maps were produced in order to identify small
inclusions and fine exsolutions. Because iron meteorites are conductive of current,
the JEOL was also used under low pressure on unpolished and uncoated samples to
confirm visual mineral identification.
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2.3.2 Electron probe microanalysis
Electron probe microanalysis is a technique in which quantitative chemical analyses
can be performed by the interaction of the specimen with an electron beam. The
electrons are produced by a tungsten filament and accelerated by a high voltage.
The beam is then focused on the sample using magnetic lenses. The atoms in the
sample are ionized by the incident beam and emit characteristic X-rays. The X-
rays are diﬀracted by four crystals to select the X-ray wavelengths of the elements
measured, this is called wavelength dispersive X-ray spectroscopy (WDS). Counting
times needed for WDS are larger than EDS but a better precision and accuracy are
reached.
Major and minor elements were measured by Electron Probe Micro-Analysis
(EPMA) on the Cameca SX100. Operating conditions were a beam current of
20 nA, accelerating voltage of 20 kV and a spot size of 1 µm. The instrument was
calibrated using a range of natural and synthetic standards: FOR (std277) for Mg,
COR2 (stdIC) for Al, FAY (std278) for Si, INP (std047) for P, ZNS2 (stdIC) for
Zn and S, CRO2 (stdIC) for Cr, MNT (stdic) for Mn and Ti, PCO (std121) for Co,
NI2 (std122) for Ni, CU3 (std123) for Cu and FE2 (std120) for Fe. ZAF matrix
corrections were applied as well as corrections for interference of Fe K-β on Co K-α
peak. ZAF matrix corrections are corrections for atomic number eﬀects in samples
with very diﬀerent atomic numbers (Ranzetta and Scott, 1967), absorption of X-rays
and fluorescence of the sample.
2.4 X-ray diﬀraction
In X-ray diﬀraction studies, a beam of X-ray is produced by a copper anode in
the diﬀractometer. The crystal lattice of the sample scatters the X-rays. Elastic
scattering obeys Bragg’s law which relates the wavelength of the incident x-ray beam
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to the diﬀraction angle and spacing between the lattice planes. The intensities of
the scattered x-rays and diﬀraction angles produced are measured and a pattern
characteristic of the crystal collected and compared to a database of patterns.
2.4.1 Set up and operating conditions
The X-ray diﬀractometer of the Natural History Museum has a GeniX Cu high flux
X-ray system and a FOX 2D 10 30P mirror. It was used for mineral identifica-
tion of sulfide terrestrial weathering products on fine powder and thick sections.
Operating conditions are: HV of 50 kV, current of 1 mA and X-ray source is Cu
K-α. In the wavelength used here, there is fluorescence of Fe which causes a high
background/upward shift of the baseline.
2.4.2 Troilite reference material
A troilite (FeS) standard is required because LASER Ablation ICP-MS requires
the use of standards with the same ablation properties than the material analysed
(Hirata and Nesbitt, 1997) and containing the studied trace elements. Cape York
troilite was used as a sample of pure troilite and provided a good match to the ter-
restrial troilite standard from the database of the STOE powder diﬀraction software
WinXPOW, bar for the peaks at about 19, 36, 42.5, 47.5 and 52.3 degrees (Fig-
ure 2.1). All those peaks are present in the X-ray diﬀraction pattern of Cape York
troilite collected by Cuda et al. (2011). Therefore, the diﬀerence must be between
meteoritical troilite (or at least Cape York troilite) and terrestrial troilite or in the
cut oﬀ height of peaks used in the software standard. Furthermore, Cuda et al.
(2011) found that their sample is “a very near stochiometric iron sulfide and can be
considered as a representative of highly stoechiometric troilite with only minor pres-
ence of other elements”. Therefore, in the following the collected pattern of Cape
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Figure 2.1: X-ray diﬀraction pattern of Cape York troilite (blue curve) and peaks
for terrestrial troilite standard of the STOE powder diﬀraction software WinXPOW
(red bars).
York troilite was used in lieu of the troilite standard reference from WinXPOW.
2.4.3 Analysis of powders
Some of the sulfide fragments from Cape York and Uruac¸u were ground into a
powder using an agate mortar for X-RD analysis. To avoid cross contamination
the mortar was cleaned with Milli-Q water, acetone and by grinding quartz between
samples. Furthermore, in the case of Patos de Minas, the surface of the thick section
was scratched with a needle to produce a small amount of powder analysed in-situ
on the section. In a powder with grains of random orientations, the X-ray collected
have angles characteristics of all crystal lattice planes of the minerals. The pattern
collected was compared to a dataset of X-ray patterns using the STOE powder
diﬀraction software WinXPOW.
22 Experimental Methods
2.4.4 Analysis of thick sections
In the case of a thick section, a 100 µm pinhole was used on the source to make it
a micro-source. The micro-source was focused on point of interest to take in-situ
measurements. When the sample was static, the pattern produced showed a limited
amount of crystal lattice planes. The sample was also rotated with the point of
interest placed in the centre of rotation where the beam was focused. The pattern
collected for a rotating sample showed more characteristic peaks than for a static
sample because the X-rays hit more crystal lattice planes. A small amount of powder
was also scratched from the thick section of Patos de Minas and the powder analysed
on the section.
By moving the sample on the stage, several measurements were taken to create a
profile across the thick section, showing the changes in mineralogy due to terrestrial
weathering in Chapter 3 (Figure 3.25). The patterns collected were compared to
each other and to a dataset of X-ray patterns using the STOE powder diﬀraction
software WinXPOW.
2.5 ICP-MS
Inductively coupled mass spectrometry is a technique in which a sample is ionized
by introduction into a plasma, then focused into a beam by a sampling cone and
analyzed into a mass spectrometer. Here the sample is introduced as a mist of
liquid coming from a nebulizer after dissolution in strong acids (Solution-ICP-MS)
or ablated by a LASER (LASER ablation ICP-MS). The ionized sample entering
the mass spectrometer is sent into a quadrupole. The current of the quadrupole
swipes a range of values, which selects the elements according to their mass over
charge ratio. Conditions are selected to favor first ionization of the atoms but some
atoms reach second ionization and can cause intereferences.
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2.5.1 Laser Ablation ICP-MS
Before LA-ICP-MS analysis, the thick sections were polished with diamond paste in
order to remove the carbon coating.
Set up
In-situ trace elements measurements were performed at the Open University on a
mass spectrometer coupled with a NewWave Research/Merchantek Products UP-
213 UV laser-ablation system. The system is composed of a 213 nm Nd:YAG UV
laser with an ablation chamber. The ablation chamber receives a flow of pure helium
which acts as a carrier gas for the ablated sample. The analyte is then transported
through a tube to the Agilent 7500a ICP-MS where it is mixed with dry argon via a
”Y” connector before entering the plasma, ionised and sent through a sampling cone
into the quadrupole mass spectrometer. The use of helium and dry argon enables to
increase the sensitivity by 2-3 fold and the detection limit by one order of magnitude
according to Gu¨nther and Heinrich (1999). Laser settings were a 80 µm spot size,
firing at 10 Hz to a depth of approximately 50 µm and a washout time between
measurements of 180-200 seconds. The LASER was used for spot analysis on the
samples, raster mode was used with standards.
Data processing
Data reduction was carried out using the Glitter software (Jackson, 2011) from
ARC National Key Centre for Geochemical Evolution and Metallogeny of Con-
tinents (GEMOC) at Macquarie University and CSIRO Exploration and Mining.
The Fe concentration measured by electron microprobe for each point was typed
into the software to be used as an internal standard. Reference materials probed at
the beginning, end and every 10-12 samples were assigned to their measurements
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Element Concentration Element Concentration
Na 47.98 Ga 1.953
Mg 432.4 Se 97.96
P 8.926 Nb 9.467
Ca 1.82 Mo 5.26
Ti 4.712 Ag 53.41
V 7.301 Cd 0.01
Cr 97.29 Te 267.5
Mn 19.23 Hf 8.426
Co 40.91 W 0.6781
Ni 89.44 Os 0.1945
Cu 175.9 Pb 0.4804
Zn 106 Fe 63.63
Table 2.2: Element concentrations used for Cape York Agpalilik (BM2005M57)
troilite, based on solution-ICP-MS results. Concentrations in ppm except Fe in
wt%.
during each set of analysis and served as external standards and in calculation of the
instrumental drift. Patterns for each element in each point analysed were inspected
and the best interval was manually selected. Background, inclusions and data spikes
were discarded. Glitter output the calculated trace element concentrations, detec-
tion limits and the 1-sigma uncertainty for each analysis. Calculations for trace
elements concentration and detection limits are detailed in van Achterbergh et al.
(2000). The 1-sigma uncertainty was calculated using square root of N counting
statistics on signal counts, a 1% relative error on standard reference material and a
3% relative error on the internal standard.
Reference materials
LASER Ablation ICP-MS requires the use of standards with the same ablation prop-
erties than the material analysed (Hirata and Nesbitt, 1997) and containing the stud-
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ied trace elements. Three metallic standards : NIST steel 1262b AIS194517, Hoba
USNM6506 and North Chile Filomena USNM1334 were used for analysis of metal.
Their compositions are respectively published in Pearce et al. (1997), Campbell and
Humayun (2005) and Wasson et al. (1988). A carefully selected and characterized
fragment of troilite from Cape York Agpalilik (BM2005M57) was used for analysis
of sulfides. The trace element concentrations used into Glitter are shown in Table
2.2. They have been determined by solution-ICP-MS, details of measurements and
sample microtexture are given in the following section.
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Figure 2.2: Backscattered electron SEM image of Ni-rich metal inclusion in troilite
of Cape York.
Cape York troilite standard
The Cape York Meteorite was used as a standard in order to test the eﬀect of
mineralogical heterogeneity on trace element analyses. Cape York is a IIIAB with a
relatively simple mineralogy and a large recovered mass (58.2 t). The microtexture of
the troilite seen on SEM was homogeneous except for rare about 100 µm wide Ni-rich
inclusions (type 1, Figure 2.2) and micrometer sized Mn and Ni rich inclusions (type
2, Figure 2.3). The larger Ni-rich metal type 1 inclusions are likely the same as the
Ni-rich metal phase on nodule rims described by Esbensen and Buchwald (1982) and
Koeberl et al. (1986). The Mn rich type 2 inclusions are possibly alabandite (MnS),
this sulfide has been observed by Kracher et al. (1977) in Cape York. The micrometer
sized type 2 inclusions are too small to aﬀect the trace element composition measured
by LA-ICP-MS.
A profile across the troilite was collected prior to others analyses to evaluate trace
elements heterogeneity (Figure 2.4). Relative trace elements abundance values were
measured by LA-ICP-MS using the metal standards described in the section above.
Fourteen points were measured, one shows high Ni and Co content and is the result
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Figure 2.3: SEM X-ray maps showing Mn-rich micro-inclusions (left) and Ni-rich
micro-inclusions (right) in the troilite of Cape York. They correlate to a deficit of
Fe and S on their respective element maps.
of hitting a type 1 inclusion. The inclusion does not show a diﬀerence of trace
elements abundance other than for nickel and cobalt. The top image of Figure 2.4
also shows that the ablation craters in the metal are smaller than in the troilite
despite using the same LASER settings. This is due to the greater volatility of
sulfide.
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Figure 2.4: Top: Cape York sulfide standard after ablation with LA-ICP-MS. Mid-
dle: Relative trace element abundances of points. In plain blue is the average
concentration of 13 measurements, error bars are standard deviations. In dashed
red, measurement of a type 1 inclusion with higher Ni and Co content. Bottom:
standard deviation of the 13 measurements (dashed red) together with the errors on
individual measurements (plain blue). Data presented in Table 2.3.
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Mg P Ca V Cr Mn Fe (wt%) Co
Channel Mg24 P31 Ca44 V51 Cr53 Mn55 Fe57 Co59
D
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< 0.44 244.18± 26.7 20.49± 4.25 6.59± 0.22 913.64± 28.48 259.1± 7.97 63.62± 2.01 31.91± 1.03
0.87± 0.22 271.82± 30.32 15.88± 4.63 6.78± 0.23 904.95± 28.24 370.08± 11.38 63.79± 2.02 49.3± 1.58
0.93± 0.2 280.66± 31.91 13.07± 4.47 6.45± 0.22 889.09± 27.72 130.52± 4.02 63.77± 2.02 26.67± 0.86
0.6± 0.2 298.33± 34.62 12.22± 4.56 6.51± 0.22 902.26± 28.14 144.79± 4.46 63.58± 2.01 27.71± 0.89
0.96± 0.22 382.65± 45.34 < 10.81 6.5± 0.22 924.51± 28.88 103.93± 3.21 63.09± 2.00 30.94± 1.00
0.61± 0.2 340.68± 41.27 18.05± 4.71 6.44± 0.22 908.05± 28.35 89.11± 2.75 63.06± 1.99 29.95± 0.97
0.49± 0.21 347.78± 43.1 < 11.32 6.5± 0.22 904.63± 28.24 542.14± 16.66 62.94± 1.99 29.28± 0.94
0.84± 0.21 342.03± 43.39 122.63± 6.75 6.56± 0.22 915.12± 28.57 419.99± 12.91 63.65± 2.01 36.92± 1.18
0.61± 0.2 388.24± 52.21 18.05± 4.71 6.88± 0.23 932.62± 29.14 313.82± 9.66 63.48± 2.01 38.64± 1.24
0.49± 0.21 406.32± 54.43 < 11.32 6.75± 0.23 924.28± 28.91 146.59± 4.52 63.58± 2.01 39± 1.26
0.84± 0.21 381.26± 50.87 122.63± 6.75 6.98± 0.23 934.63± 29.22 93.42± 2.89 64.20± 2.03 28.01± 0.91
< 2.72 391.88± 52.08 73.41± 29.8 6.79± 0.23 943.9± 29.52 669.15± 20.6 64.10± 2.03 30.48± 0.99
< 2.91 272.16± 36.14 99.88± 32.52 6.84± 0.23 933.53± 29.2 192.29± 5.93 63.64± 2.01 25.36± 0.82
Average 0.72 334.46 51.63 6.66 917.79 267.30 63.58 32.63
Standard deviation 0.18 55.00 47.64 0.18 15.92 186.13 0.37 6.67
Type 1 inclusion 0.96± 0.22 346.52± 46.83 < 10.81± 5.04 7.16± 0.24 1015.45± 31.71 295.64± 9.1 63.90± 2.02 121.66± 3.87
Reference Glass Steel Glass Steel Steel Steel Internal
Hobamaterial NIST 612 1262b NIST 612 1262b 1262b 1262b standard
Ni Cu Zn Ge As Mo Rh Ag Pb
Channel Ni62 Cu63 Zn66 Ge74 As75 Mo95 Rh103 Ag107 Pb206
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179.78± 6.32 96.55± 3.17 0.27± 0.11 0.463± 0.079 < 0.21 6.06± 0.26 < 0.0121 0.053± 0.013 0.0551± 0.0046
338.74± 11.48 100.42± 3.3 0.69± 0.13 0.512± 0.081 < 0.21 6.03± 0.26 < 0.0115 0.058± 0.013 0.0087± 0.0038
199.56± 6.9 216.01± 7.03 0.35± 0.12 0.469± 0.073 < 0.223 5.78± 0.24 < 0.0113 0.051± 0.011 0.0142± 0.0036
193.72± 6.75 170.7± 5.57 0.33± 0.11 0.344± 0.073 0.308± 0.096 5.96± 0.25 < 0.0131 0.064± 0.014 < 0.0079
179.77± 6.43 125.87± 4.12 0.6± 0.12 0.567± 0.083 0.3± 0.11 5.52± 0.25 < 0.0134 0.085± 0.014 0.0121± 0.0039
166.4± 5.92 111.01± 3.63 1.8± 0.2 0.506± 0.075 < 0.192 5.9± 0.25 0.0139± 0.006 0.077± 0.013 0.0102± 0.0035
184.81± 6.46 136.49± 4.46 0.24± 0.11 0.513± 0.076 < 0.219 5.71± 0.24 < 0.0136 0.069± 0.014 0.0117± 0.0036
247.86± 8.46 128.35± 4.19 0.47± 0.1 0.555± 0.077 < 0.24 5.86± 0.24 < 0.0134 0.06± 0.012 0.0151± 0.0038
186.08± 6.47 104.46± 3.42 1.8± 0.2 0.392± 0.082 < 0.135 5.87± 0.24 0.013± 0.0055 0.1± 0.014 0.0102± 0.0035
197.47± 6.93 93.07± 3.05 0.24± 0.11 0.501± 0.089 < 0.157 5.44± 0.24 < 0.0150 0.071± 0.014 0.0117± 0.0036
103.06± 3.84 112.43± 3.68 0.47± 0.1 0.518± 0.083 < 0.145 6± 0.25 0.0154± 0.0057 0.082± 0.013 0.0151± 0.0038
110.24± 4.12 114.34± 3.74 < 1.33± 0.57 0.599± 0.09 < 0.149 5.65± 0.24 < 0.0136 0.08± 0.014 < 0.049
87.75± 3.41 80.27± 2.64 < 1.35± 0.6 0.467± 0.089 < 0.198 5.59± 0.24 < 0.0146 0.091± 0.015 < 0.052
Average 182.71 122.31 0.66 0.49 0.30 5.80 0.01 0.07 0.02
Standard deviation 64.63 36.22 0.58 0.07 0.01 0.20 0.00 0.02 0.01
Type 1 inclusion 2020.56± 65.21 91.68± 3 0.6± 0.12 < 0.024 0.542± 0.088 < 0.178 4.62± 0.2 < 0.049 < 0.0109
Reference
Hoba
Steel Glass
Filomena
Steel Steel
Hoba
Steel Glass
material 1262b NIST 612 1262b 1262b 1262b NIST 612
Table 2.3: Relative abundances in troilite of Cape York. Elements Ga, Ru, Pd, W,
Re, Os, Ir, Au and Pt are below detection limits in all samples and therefore not
shown in this table. All entries are in ppm except for Fe, which is in wt%.
Jochum et al. (1975), Koeberl et al. (1986) and Sutton et al. (1987) have pub-
lished trace element concentrations for troilite in Cape York. Comparison with our
results are shown in Figure 2.5. ArS is causing an isobaric interference with Ge 72,
hence overestimation of Ge. Ge 74 is not aﬀected but it is below detection limit
here.
Figure 2.6 shows the Solution-ICP-MS results and the average composition mea-
sured over the course of the LA-ICP-MS analyses. A total of 39 points have been
measured. The standard deviations were highest for Hf, W and Mg which are close
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Figure 2.5: Comparison of the average composition of troilite in Cape York to
literature data: Sutton et al. (1987), Jochum et al. (1975) and Koeberl et al. (1986).
In gray is a series of 4 profiles getting closer to a chromite inclusion, hence showing
a larger concentration of Cr and the siderophile Mn.
to detection limits, the troilite is otherwise homogeneous with standard deviations
in the same range than analytical errors as seen on Figure 2.6. During the course of
the LA-ICP-MS analyses, it happened once that the LASER hit a type 1 Ni-rich in-
clusion. This was observed during data processing on Glitter with nickel and cobalt
contents larger than normal and the analysis was discarded from use as external
standard for that run.
2.6 Solution ICP-MS
2.6.1 Sample preparation
For solution-ICP-MS, fragments were separated from the brittle sulfide nodules on
the sawn samples by applying pressure with a guillotine, no thick sectioning was
required. An aliquot of the sulfide sample was weighed on a scale, weighing and
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Figure 2.6: Trace elements abundance in troilite of Cape York by increased order of
volatility, measured by Solution-ICP-MS and average of repeat analysis by LA-ICP-
MS (39 measurements). The error shown is the standard deviation. Gray area shows
average detection limit. The average measurement is below the average detection
limit for Os and Ag and very close to it for Pb. In this case, there is a bias towards
higher values as only values higher than the detection limit have been retained when
calculating the average.
digestion of samples was carried out in a clean laboratory with protective clothing
and footwear. A 20 g weighing standard was used prior to measurement to check
calibration of the scale. An antistatic gun was used on the Polytetrafluoroethylene
(PTFE or Teflon) beaker to avoid powder sticking to the rims of the beaker.
2.6.2 Acid digestion
Before use, the PTFE beakers were cleaned with HCl and HNO3 on a hot plate at
130◦C for several days and rinsed with ultrapure Milli-Q H2O. This was repeated
at least 4-5 times. The aliquots were then placed into the beakers and digested
using HNO3, HCl and ultrapure Milli-Q H2O on a hot plate at 130◦C. HF was also
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Meteorite Reference number Sample weight (mg) Bottle weight (g) Total solution (g) Dilution factor Run
Acun˜a 19 12.84 6.204 12.952 991.4 3
Altonah 26 5.59 6.177 5.522 1012.3 2
Augustinovka 31 50.9 13.876 50.898 1000.0 3
Avoca WA127493 28.43 6.181 28.431 1000.0 3
Bogou 25 4.59 6.168 4.653 986.5 1
Brenham 34 30.05 13.9 31.487 954.4 3
Campo del Cielo + 12 24.86 13.851 24.867 999.7 3
Cape York CY#1 51.46 13.871 1.544 33329.0
Cape York CY#2 136.82 23.871 4.105 33330.1
Carthage † BM79 35.3 13.892 35.307 999.8 3
Derrick Peak A78009 ‡ 14 4.17 6.235 4.198 993.3 1
Derrick Peak A78009 ‡ 21 3.93 6.18 3.971 989.7 1
Djebel In-Azzene 13 9.05 6.187 9.065 998.3 3
Duchesne 24 16.11 6.19 16.143 998.0 3
Gibeon † 18 6.97 6.188 6.945 1003.6 3
Goose Lake 10 4.41 6.182 4.824 914.2 2
Grant 27 7 6.164 7.046 993.5 2
Mayodan 2 2.91 6.181 2.937 990.8 1
Mertzon 7 5.16 6.174 5.169 998.3 2
Mesa Verde Park 23 6.42 6.167 6.461 993.7 3
Mundrabilla ‡ 4 10.2 6.167 10.272 993.0 3
Mundrabilla ‡ 32 69.8 13.921 69.902 998.5 3
Pallasovka 35 43.23 13.906 43.252 999.5 3
Patos de Minas † 9 6.3 6.198 6.333 994.8 2
Pitts 22 4.17 6.245 4.209 990.7 1
Sacramento Mountains 17 3.95 6.191 3.975 993.7 1
Santa Rosa 6 6.15 6.164 6.226 987.8 2
Sa˜o Joa˜o Nepomuceno + 5 14.99 6.207 15.07 994.7 3
Thule 11 4.01 6.233 4.688 855.4 2
Tieraco Creek 15 4.35 6.216 4.371 995.2 2
Toluca ‡ 36 40.98 13.862 40.996 999.6 3
Toluca ‡ IC 80.36 13.833 2.411 33330.6
Trenton 20 5.28 6.158 5.389 979.8 2
Uruac¸u 33 39.55 13.838 39.533 1000.4 3
Waterville 8 7.05 6.174 7.063 998.2 3
Wonyulgunna 16 2.92 6.173 2.947 990.8 1
Woodbine 3 4.29 6.243 4.544 944.1 1
Youanmi WA13487.1 35.08 13.94 35.08 1000.0 3
Total procedural blank PDB 6.202 9.733 3
Total procedural blank PDB#1 6.235 5.062 1
Reference material + std BIR-1 15.85 6.209 15.783 1004.2 3
Table 2.4: Weight of samples and volumes of acid added to make up the 1000 fold
dilution for solution-ICP-MS. †Also analyzed with LA-ICP-MS. ‡Multiple analysis,
diﬀerent samples. +Contains silicates – requires HF.
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used to dissolve silicates in Campo del Cielo #12, Sa˜o Joa˜o Nepomuceno #5 and
the reference material Icelandic basalt BIR-1. The Milli-Q purified water used has
a resistivity of at least 18.2 MΩ.cm. The acids had been purified by 2 successive
sub-boiling distillations. The aliquots were evaporated until only a solid residue was
left into the beaker and then redissolved with acids. This process was repeated until
all material comes into solution in the acid and at least 3 times. Total procedural
blanks were prepared following the same steps as for the samples, they enabled
checking the levels of contaminants from the acids and environment.
2.6.3 Samples selection and dilution
The samples of Bogou #25, Toluca IC, Augustinovka #31, Carthage BM79, Tieraco
Creek #15, Youanmi WA13487.1, Duchesne #24, Pallasovka #35, Waterville #8
and Campo del Cielo #12 still showed a small amount of black rounded residues
after digestion. This is likely to be chromite and/or graphite which is not soluble
in aqua regia. An aliquot of solute was pipetted carefully for analysis, avoiding the
insoluble material. In the case of Waterville #8 and Campo del Cielo #12, there
was a larger amount of insoluble material therefore the samples were centrifuged to
concentrate the insoluble black material at the bottom of the tube before pipetting.
Before analysis, the solutions were brought to a 1000 fold dilution using 2% v/v
1M HNO3 and 3 drops of HCl (about 35 µL) and transferred into a larger PTFE
bottle. The amounts of solution added are given in Table 2.4. Three drops of HCl
were added for Mundrabilla #32 in order to dissolve a white/yellow precipitate.
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Figure 2.7: Elemental abundances in reference material Icelandic basalt BIR-1. Er-
ror bars are smaller than data points. Litterature data from Xie et al. (1994) and
USGS certificate of analysis based on Flanagan (1984) and Gladney and Roelandts
(1988).
2.6.4 Analysis
Aliquots from the solutions were placed into numbered vials set on a rotating wheel
on the ICP-MS. The samples were pumped out and sent into a nebuliser connected
to the Agilent 7500a ICP-MS. A standard solution with 5 diﬀerent dilutions was
used to calibrate the instrument. 2% v/v HNO3 and one of the standard solutions
was run every 4-5 sample in order to rinse and monitor the drift during analysis.
Systematic error was evaluated by running the standard material Std-Bir 1 which
is an icelandic basalt. Since the sample contains silicates the dissolution was made
using HF. Results are shown in Figure 2.7 with values from USGS certificate based
on Flanagan (1984) and Gladney and Roelandts (1988) and values from Xie et al.
(1994). The fit to the literature data is excellent, no correction is therefore needed
for systematic error on the samples. The analytical error was calculated using the
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Figure 2.8: Relative standard deviations.
standard deviation of a monitor solution. This monitor solution is one of the 5
synthetic standards prepared for the analysis. Aliquots of the same synthetic stan-
dard were run at regular intervals during each analysis. This enabled to monitor
instrumental drift. Furthermore, the relative standard deviation of the repeated
analysis of the synthetic solution for each element in each run (given in Table 2.5)
was then applied to the samples corresponding to these runs (run numbers for each
sample given in Table 2.4) to calculate the 1-σ error. Figure 2.8 shows the relative
standard deviation in each run as a function of element. Largest relative standard
deviations are for K, Ge and Ca and below 8.5%. Most commonly the relative stan-
dard deviations are about 1-2%. Two total procedural blanks were analysed with
the samples. The average of these blanks was calculated and subtracted to the ele-
mental concentrations in the samples. These blanks represent contamination during
the dissolution procedure and from the solvants used for analysis (ultrapure acids
and distilled H2O). These blanks eﬀectively set the detection limit of each element.
Blank results are given in Table 2.6.
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Li Na Mg P K Ca Sc Ti V Cr Mn Co Ni
Run 1 Monitor 1 41.22 42.57 43.55 98.75 36.07 34.19 106.51 20.61 21.70 141.22 289.02 22.72 325.51
Monitor 2 42.38 42.71 43.84 101.91 31.81 31.02 107.13 20.55 21.70 141.48 288.95 22.62 321.49
Monitor 3 40.89 42.56 43.53 98.47 37.37 32.20 106.45 20.61 21.70 141.20 289.03 22.73 325.90
Average 41.50 42.61 43.64 99.71 35.09 32.47 106.70 20.59 21.70 141.30 289.00 22.69 324.30
Rel. std. dev. 0.02 0.00 0.00 0.02 0.08 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Run 2 Monitor 1 41.26 42.66 43.69 96.91 38.17 38.02 101.41 19.69 20.85 143.76 278.62 21.84 282.80
Monitor 2 42.41 42.18 44.18 96.81 38.48 41.74 104.70 19.99 21.34 149.17 286.81 22.37 282.90
Monitor 3 41.42 39.83 43.65 96.92 38.09 37.62 101.08 19.66 20.81 143.28 277.84 21.79 270.80
Average 41.70 41.56 43.84 96.88 38.24 39.13 102.39 19.78 21.00 145.40 281.09 22.00 278.83
Rel. std. dev. 0.01 0.04 0.01 0.00 0.01 0.06 0.02 0.01 0.01 0.02 0.02 0.01 0.02
Run 3 Monitor 1 40.82 42.41 43.31 92.27 37.06 37.89 100.10 20.03 20.97 141.63 276.52 21.75 311.12
Monitor 2 42.54 44.75 45.06 94.62 38.12 39.13 100.54 19.60 20.83 141.29 274.65 21.39 308.01
Monitor 3 41.25 42.01 42.62 91.57 35.23 35.49 95.44 19.33 20.32 137.12 268.76 21.12 302.35
Monitor 4 41.59 42.56 42.39 90.55 35.94 36.45 98.85 19.81 20.47 139.68 270.97 21.24 305.15
Monitor 5 41.25 43.52 44.72 94.42 38.76 39.47 101.21 19.98 21.22 142.81 279.16 21.90 313.57
Average 41.49 42.70 43.24 92.18 36.64 37.14 98.50 19.71 20.67 139.87 272.96 21.42 307.02
Rel. std. dev. 0.02 0.02 0.03 0.02 0.05 0.06 0.03 0.02 0.02 0.02 0.02 0.02 0.02
Cu Zn Ga Ge Se Sr Nb Mo Ru Rh Pd Ag Cd
Run 1 (cont.) Monitor 1 158.59 100.97 20.32 20.60 42.59 20.03 104.46 40.38 97.79 104.18 98.95 19.94 20.84
Monitor 2 159.59 101.40 20.46 20.78 41.61 19.90 103.93 40.07 97.33 103.91 99.24 19.94 20.58
Monitor 3 158.50 100.93 20.30 20.72 42.71 20.04 104.52 40.42 97.83 104.21 98.92 19.94 20.87
Average 158.89 101.10 20.36 20.70 42.30 19.99 104.30 40.29 97.65 104.10 99.04 19.94 20.76
Rel. std. dev. 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Run 2 (cont.) Monitor 1 141.53 100.21 21.60 20.44 40.28 19.68 99.34 39.54 94.99 101.78 96.61 19.29 19.96
Monitor 2 144.79 101.87 22.13 20.51 40.86 20.23 102.23 40.78 98.04 104.86 99.38 19.66 20.52
Monitor 3 141.17 99.05 21.55 20.44 40.21 19.61 99.01 39.38 94.64 101.44 96.30 19.25 19.90
Average 142.49 100.38 21.76 20.46 40.45 19.84 100.19 39.90 95.89 102.70 97.43 19.40 20.13
Rel. std. dev. 0.01 0.01 0.01 0.00 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02
Run 3 (cont.) Monitor 1 133.73 97.88 20.07 19.88 39.92 19.77 39.81 101.42 97.63 19.36 20.26
Monitor 2 140.62 96.77 20.00 22.38 40.53 19.48 39.02 101.41 96.47 19.12 19.80
Monitor 3 138.83 94.26 19.33 17.85 37.02 19.12 38.32 98.50 94.56 18.66 19.06
Monitor 4 138.19 95.93 19.84 20.44 40.10 19.52 39.02 100.57 96.39 18.87 20.03
Monitor 5 134.60 98.72 20.22 18.02 40.36 19.83 40.01 102.18 98.05 19.60 20.27
Average 137.21 96.30 19.80 18.77 39.16 19.49 39.12 100.42 96.33 19.04 19.79
Rel. std. dev. 0.02 0.02 0.02 0.08 0.05 0.02 0.02 0.02 0.02 0.03 0.03
In Sn Sb Te Hf W Re Os Ir Pt Au Tl Pb
Run 1 (cont.) Monitor 1 19.67 99.61 98.87 100.42 99.07 20.50 19.87 19.09 103.06 99.20 97.43 19.83 39.68
Monitor 2 19.84 100.06 99.11 100.68 102.75 20.76 20.32 19.28 105.14 101.78 100.02 20.42 40.40
Monitor 3 19.65 99.56 98.85 100.40 98.79 20.48 19.84 19.08 102.89 99.01 97.22 19.78 37.65
Average 19.72 99.74 98.94 100.50 100.20 20.58 20.01 19.15 103.70 100.00 98.22 20.01 39.24
Rel. std. dev. 0.01 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.04
Run 2 (cont.) Monitor 1 18.97 96.16 95.85 95.91 98.58 19.93 19.31 20.42 100.50 96.97 96.91 19.23 39.01
Monitor 2 19.48 98.10 98.22 99.33 101.76 20.40 20.03 20.69 103.79 100.76 99.51 19.89 40.31
Monitor 3 18.91 95.96 95.61 95.58 98.28 19.88 19.24 20.39 100.19 96.61 96.64 19.17 38.90
Average 19.12 96.74 96.56 96.94 99.54 20.07 19.53 20.50 101.49 98.11 97.69 19.43 39.41
Rel. std. dev. 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02
Run 3 (cont.) Monitor 1 19.12 96.23 95.62 98.46 97.75 19.81 19.25 21.38 102.58 96.38 96.12 19.09 38.04
Monitor 2 19.00 96.18 95.30 99.00 98.14 19.94 19.53 21.06 102.01 98.65 95.90 19.19 38.67
Monitor 3 18.65 93.41 93.23 96.99 96.73 19.36 18.99 20.28 99.37 95.41 94.02 18.71 37.95
Monitor 4 18.83 94.53 94.75 97.78 97.23 19.31 19.19 20.87 101.22 96.30 94.86 18.97 38.10
Monitor 5 19.27 97.43 96.16 99.24 98.34 20.20 19.45 21.63 103.42 97.65 96.95 19.25 38.33
Average 18.91 95.13 94.71 98.00 97.44 19.63 19.21 20.93 101.34 96.45 95.28 18.98 38.13
Rel. std. dev. 0.02 0.02 0.02 0.01 0.01 0.03 0.01 0.03 0.02 0.01 0.02 0.01 0.01
Table 2.5: Elemental abundances in repeated analysis at regular intervals of the
synthetic monitor solution, calculated average composition and relative standard
deviation for each run (3 runs in total).
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Sample Li Na Mg P K Ca Sc Ti V Cr Mn Co Ni
PDB#1 0.018 3.903 10.331 2.186 -2.005 9.588 0.024 0.242 0.068 0.703 0.351 0.143 0.107
PDB 0.017 0.065 2.713 -2.044 -1.898 2.504 0.045 -0.262 0.142 0.821 0.062 0.014 0.079
Sample (cont.) Cu Zn Ga Ge Se Sr Nb Mo Ru Rh Pd Ag Cd
PDB#1 0.107 292.369 0.004 -0.103 -0.168 0.034 0.187 0.412 -0.024 0.031 0.009 0.019 1.110
PDB 0.074 0.307 0.002 -0.024 0.093 0.009 0.129 0.005 0.055 0.048 0.010
Sample (cont.) In Sn Sb Te Hf W Re Os Ir Pt Au Tl Pb
PDB#1 0.000 0.002 0.012 0.031 0.040 0.102 0.008 0.089 0.022 0.047 1.071 0.037 0.028
PDB 0.002 0.070 0.010 0.056 0.010 0.049 0.003 0.080 0.029 0.090 0.440 0.018 0.007
Table 2.6: Elemental abundances in total procedural blanks analyzed with the
samples.

Chapter 3
Terrestrial Weathering
Always that same old story – Father Time and Mother Earth, A marriage
on the rocks.
James Merrill
This chapter is concerned with characterizing the eﬀects of terrestrial weath-
ering on the mineralogy and chemical composition of the iron meteorites studied,
particularly regarding sulfide nodules.
3.1 Introduction
The aim of this thesis is to produce representative and reliable estimates of the
composition of the diﬀerent groups of iron meteorites, and therefore of the iron me-
teorites parent-bodies, in siderophile and chalcophile elements. This is useful for
understanding the solar nebula setting during the formation of the iron meteorite
parent-bodies. In this chapter, a detailed petrological, mineralogical and composi-
tional study of the meteorite samples containing weathering products is performed.
This will enable to characterize the possible eﬀects of terrestrial weathering on the
trace element composition of those iron meteorites.Indeed, compositional changes
due to terrestrial weathering must be discarded in order to achieve a representative
average bulk composition of the iron meteorite parent-bodies. However, for the av-
erage to be as accurate as possible it must contains as many individual meteorites
as possible.
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The residence time of meteorites on the Earth’ surface, or terrestrial age, is
measured from radioactive decay of cosmic nuclides. Ages measured for meteorites
recovered in hot and cold deserts range from 0 (a fall) to about 2 Myrs, (Scherer
et al., 1997), (Welten et al., 1997). Moreover fossil meteorites (Buchwald (1977) and
Schmitz et al. (1996)) and micrometeorites (Alwmark and Schmitz, 2009) are also
known to have been preserved in sediments. All the iron meteorites analyzed in this
study are finds. Most meteorites contain native iron and are therefore metastable
on the Earth’s surface, they react with the oxidizing atmosphere, the (often salty in
desert environment) soil and meteoric and drainage water. Terrestrial weathering
can aﬀect the trace element composition of the meteorite in an unexpected fashion,
for example Zurfluh et al. (2011) found barium and strontium contamination from
desert soil. Contamination could be particularly important in the case of sulfides
with bulk sulfur content of iron meteorites between 0.02 and 12 % (Buchwald, 1975).
Studying the mechanism of weathering of iron meteorites enables the identifica-
tion of areas subject to terrestrial contamination and provides a proxy by which the
extent of this alteration can be constrained. SEM X-ray element maps enable the
location of weathering to be pin pointed. The mineralogy of weathering products,
studied by X-ray diﬀractometry, controls the composition in weathered areas. And
last but not least studying the trace element composition of those weathering prod-
ucts relative to pristine material will confirm wether there is a significant change of
trace elements composition.
Rubin (1997) summarizes the minerals produced by terrestrial weathering of iron
meteorites as coming into 5 categories:
- iron oxides and hydroxides formed by oxidation of the Fe-Ni metal with addi-
tion of terrestrial water and in some cases chloride and carbonate anions,
- phosphates derived from phosphides (schreibersite),
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- sulfates derived from sulfides (troilite),
- graphite and kamacite derived from carbide,
- others: metallic Cu and elemental S, opal, sulfides, carbonates and phyllosili-
cates.
No carbides are found in the samples studied but they contain phosphides and sul-
fides. Buchwald (1977) lists pentlandite ((Fe,Ni)9S8), elemental sulfur (S) and as rare
occurrences violarite (Fe2+Ni3+2S4), heazlewoodite (Ni3S2), and possibly chalcopy-
rite (CuFeS2) as sulfur bearing weathering products of iron meteorites. Several stud-
ies on the weathering of Dronino have analyzed sulfide weathering products:Russell
et al. (2004) found (Fe,Ni)S as a product of terrestrial weathering but didn’t identify
the mineral, Chukanov et al. (2009) found violarite and Grokhovsky et al. (2006)
suggest the presence of pentlandite.
3.2 Samples and methods
Two magmatic irons, Carthage and Chulafinnee and four non- magmatic irons,
Dronino, Nantan, Patos de Minas and Uruac¸u show pervasive terrestrial weathering
(Table 3.1). The sample of Cape York Agpalilik studied is pristine and a fragment of
a troilite nodule is used as a reference to compare to the X-ray diﬀraction patterns
of sulfides found in weathered material of the other meteorites studied. Fragments
of Carthage and the whole mass of Chulafinnee have been reheated by a blacksmith
(Buchwald, 1975). The thick sections of Carthage, Chulafinnee, Patos de Minas,
Dronino and Nantan have been mapped using a Scanning Electron Microscope, the
results are presented in the mineralogy and petrology section §3.3.1. Major and
minor elements analysis performed by EPMA are plotted into a Fe-Ni-S ternary
diagram and trace elements have been measured by LA-ICP- MS across a troilite
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Meteorite Group Collection Reference Notes
Nantan IAB-MG NHM P17524
Patos de Minas (oct.) IAB NHM P17535
Uruac¸u IAB NHM
Cape York IIIAB NHM BM2005M57
Pristine sample used as reference
material, from the Paneth
collection
Carthage IIIAB NHM BM2005M79 From the Paneth collection
Chulafinnee IIIAB Copenhagen GM2012.15 Section has been deep-etched
Dronino ungrouped NHM P17525
Table 3.1: Meteorites studied in this chapter and their provenance in meteorite
collections.
nodule in Dronino. X-ray diﬀractometry has been performed on powder of Patos
de Minas, Uruac¸u and Cape York troilite and in-situ on thick sections of Patos de
Minas and Dronino to identify the mineralogy of sulfide weathering products.
3.3 Results
The criteria for identifying phases as terrestrial weathering products are (1) sub-
solidus, (2) surface correlated, low temperature, volatile-bearing, phases, (3) location
within veins along open fractures or as a rim connected to other weathered areas,
(4) diﬀerent chemical composition to pristine material, (5) texture diﬀerent to a
magmatic texture, (6) comparison to other studies. A detailed mineralogical and
petrological description of the samples is therefore given, followed by analysis of
major, minor and trace element compositions in the samples and along a profile in a
partially weathered nodule of Dronino. After observing the texture and measuring
the chemical composition of the weathering products, their mineralogy is identified
using X-ray diﬀraction. To highlight diﬀerences in trace element composition, a
LA-ICP-MS profile has been collected across a partially weathered sulfide nodule.
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3.3.1 Mineralogy and petrology
Nantan, IAB-MG
Grains of Nantan with a blue metallic shine (schreibersite) and a bronze colour
(sulfide) have been selected together with 2 metal grains and an oxidized grain and
mounted into a polished thick section (Figure 3.1). The schreibersite is brittle and
was plucked out upon polishing so there is limited amount of material to study. The
grain containing the schreibersite is a composite grain. It also has troilite and two
sulfides of diﬀerent compositions (with diﬀerent BSE potentials) named Sw1 and
Sw2 between the troilite and the schreibersite (Figure 3.1). Those sulfides are very
similar under reflected light, however Sw1 is richer in Ni and has a slightly greater
reflectivity than Sw2 which is richer in Co. There are both weathering products from
the primary troilite. The BSE SEM image in Figure 3.2 shows a sharp compositional
boundary between Sw1 and Sw2. The weathering products in the composite grain do
not follow the morphology of the grain but rather are along the edge of the troilite
nodule which originally only had a schreibersite rim. This means the alteration
occurred when the the nodule was still in situ in the meteorites and not fragmented.
Two oxidized grains have a brecciated structure with fragments of troilite, one of
them also has a Ni-rich sulfide (Figure 3.1).
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Figure 3.1: Composite colour map from SEM X-ray element maps in Nantan. Colour
code: Fe green, S yellow, Ni purple, Co blue, Cr red, P orange and O white. A close
up of the area in the white square is shown in Figure 3.2.
(a) (b)
Figure 3.2: (a): Reflecting light microscope image of Nantan, the picture is 2.5 mm
long. The region corresponding to the black square is expanded on the right. (b):
BSE SEM image. Sw1: Ni rich sulfide, Sw2 : Co rich sulfide, Sch: schreibersite,
pSch.: plucked out schreibersite.
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Patos de Minas, IAB
The sample of Patos de Minas studied is a fragment mounted as a polished thick
section and contains a large rounded troilite nodule with fine daubre´elite exsolutions
(Figure 3.3 and Figure 3.4). The nodule is surrounded by a schreibersite rim and
iron oxides and hydroxides. Some unweathered metal is visible in the top left corner
of the section (Figure 3.5).
Figure 3.3: BSE SEM image of weathered sulfide nodules in Patos de Minas; S:
schreibersite, W: weathered sulfide, T: troilite.
Figure 3.4: BSE SEM image of daubre´elite exsolutions (black) in troilite (grey)
nodule of Patos de Minas.
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The main set of fractures F1 in the sulfide (Figure 3.3) appears parallel to the
stubby daubre´elite exsolutions blades. Furthermore, the sulfide at the edge of the
nodule has a mottled appearance (Figure 3.3) which corresponds to an enrichment
in Ni and Co (Figure 3.5). The Ni and Co are not homogeneously distributed, the
outer layer is richer in Ni and the inner layer richer in Co. The troilite, daubre´elite
and schreibersite are attributed to the primary mineral composition, the Ni and Co
rich sulfides are considered products of terrestrial weathering.
Figure 3.5: Top: composite colour map from SEM X-ray element maps; colour code:
Fe green, S yellow, Ni purple, Co blue, P orange and O white. Bottom: on the left,
X-ray element map of Ni and, on the right, X-ray element map of Co, showing
terrestrial weathering in Patos de Minas.
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Carthage, IIIAB
The thick section of Carthage shows a centimeter sized euhedral chromite (FeCr2O4)
within a rounded troilite (FeS) nodule. There are plages of daubre´elites (FeCr2S4)
within the troilite at the millimiter scale (Figure 3.6). At the micrometer scale,
exsolution lamellae of daubre´elites surround those daubre´elite plages. The exsolu-
tion lamellae are longer and thinner the farther away from the daubre´elite inclusion.
They extend approximately 100 µm around the daubre´elite inclusions. Furthermore,
some lamellae are kinked (Figure 3.7) and some have developed at 45 degrees and
parallel to the principal set of fractures that aﬀect both the daubre´elite and troilite,
which indicates that the exsolution lamella developed during the phase of defor-
mation (perhaps the mass was hammered while being heated). Furthermore, the
principal set of fractures, F1 on Figure 3.6, appears to be parallel to one of the faces
of the chromite crystal, the fractures have therefore developed after the euhedral
chromite crystallized. Only the intersection between the fracture planes and the
section is visible so without a second section it cannot be confirmed if the fractures
are indeed parallel to the chromite crystal face. The distribution of daubre´elite
within troilite does not seem aﬀected by the proximity of the chromite, the hypoth-
esis of preexisting daubre´elite inclusions in the troilite is therefore favored relative
to a diﬀusion of Cr from the chromite into the troilite. There is a diﬀuse darker
aureole around the daubre´elite, this is attributed to the presence of Cr in the troilite.
Buchwald (1977) describes lamellar troilite-daubre´elite aggregates resulting from a
secondary exsolution process due to artificial reheating to 700–800◦Cin the iron me-
teorites Rodeo, Verkhne Udinsk and Yanhuitlan. Furthermore, Buchwald (1975)
notes that certain fragments of Carthage have also undergone artificial reheating
to 600–800◦C for hours but it is not well documented which individual pieces have
been reheated. The exsolution texture of daubre´elite in Carthage observed in this
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study is therefore attributed to artificial reheating of this fragment.
Figure 3.6: SEM images of Carthage. Top: euhedral chromite crystal and plages
of daubre´elite (D) within a troilite nodule. Fractures F1 constitute the main set of
fractures in the sulfide and are developed parallel to the face of the chromite crystal.
F2 are a second set orthogonal to F1. D1 is a plage of daubre´elite shown more
closely in B. The metal is kamacite with plessite (P). Bottom: plage of daubre´elite
in troilite, surrounded by daubre´elite lamellae organized 45 degrees and then parallel
to the fractures.
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Figure 3.7: SEM images of Carthage. Top: plage of daubre´elite (D) within a troilite
nodule, the lamellae are parallel to the fractures. The region corresponding to the
white square is expanded in the bottom image. Bottom: close-up showing kinked
daubre´elite lamellae.
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Chulafinnee, IIIAB
Two large fractures cross-cut this section of Chulafinnee, they are filled with iron
oxides and hydroxides (Figure 3.9) and travel preferentially along plessite/kamacite
phase boundaries. The iron oxides and hydroxides are weathering products from
the Fe-Ni metal. Small schreibersite inclusions are scattered throughout the sample.
The sulfide nodule that is cross-cut by a fracture show signs of weathering while the
others do not. A close-up is shown in Figure 3.8. The nodule is surrounded by a
weathering product, a Ni-rich sulfide rim. The nodules contain S and Cr so the
primary mineralogy was a mixture of troilite and daubre´elite.
Figure 3.8: Reflecting light microscope image of a weathered sulfide nodule (Sw) and
a pristine sulfide nodule (S, top-right) in Chulafinnee. The weathered sulfide nodule
contains daubre´elite and (Ni,Cr) sulfide (S, center) that contains weight percent
levels of Ni.
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Figure 3.9: Composite colour map made from X-ray element maps of Chulafinnee.
Colour code: Fe green, S yellow, Ni purple, Co blue, P orange, Cr red and O
white. Black squares: A: Daubre´elite-schreibersite inclusion shown in Figure 5.12;
B: metal-troilite nodules shown in Figure 5.13; C: weathered sulfide nodule shown
in Figure 3.8.
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Dronino, Ungrouped
Figure 3.10: BSE SEM image of composite Fe-Ni metal troilite nodule with symplec-
titic texture in Dronino. The nodule is surrounded by kamacite-taenite in duplex
structure, also termed martensite.
Dronino is an ataxite with a martensitic texture. Five polished thick sections of
Dronino have been studied and named 1a, 1b, 2a, 2b and 3. Sections 1a and 1b are
mirror images as well as 2a and 2b. Sections 1a and 2a have been mapped with the
SEM and 1a, 2a and 3 have been analysed with EPMA and LA-ICP-MS. Sections
1a and 1b contain troilite and chromite inclusions, both primary minerals. In 1a the
chromite is partly embayed into the nodule (Figure 3.11) and in 1b it is included
within the nodule (Figure 3.12b).
Furthermore, those sections show a basket weave pattern outlined by iron oxides
and hydroxides (top of Figure 3.11 and Figure 3.12a). On the top left side of section
1a this pattern is also outlined by Ni-rich areas, in purple. The sulfide nodule is
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Figure 3.11: Top: Composite colour map from SEM X-ray element maps of Dronino
thick section 1a; colour code: Fe green, S yellow, Ni purple, Co blue, Cr red and O
white. Middle: X-ray element map of Ni. Bottom: X-ray element map of Co.
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(a) (b)
Figure 3.12: Reflecting microscope images of Dronino section 1b, which is the mirror
image/opposite side of section 1a shown in Figure 3.11. Each picture is about 2.5
mm long. (a): Basket weave pattern outline by iron oxides and hydroxides. (b):
Sulfide nodule with 2 chromite inclusions. The larger chromite is fractured and the
ductile nodule looks like it has been sheared sinistrally along the same axis as the
largest fracture in the chromite. An opaque rim surrounds the nodule.
made of troilite surrounded by a weathering rim of (Fe, Ni, Co) sulfides. The rim
has an outer layer rich in Ni and an inner layer rich in Co. A fracture in the bottom
right corner of the nodule is also filled with a Ni-rich sulfide. Section 2a, shown in
Figure 3.14, has sulfide nodules with and without weathering aureoles. The nodules
with aureoles are connected by fractures and large rims of iron oxides and hydroxides
which extend between nodules (Figure 3.14). Section 3 is very weathered with several
aureoles of iron oxides and hydroxides needles mixed with metal in a duplex structure
surrounding a troilite nodule. The troilite has a mottled texture with higher BSE
potential material at the rim on the BSE SEM image (Figure 3.13). This material
has therefore an average higher atomic number than the troilite, probably due to
the presence of Ni and Co at weight percent levels.
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(a)
(b)
Figure 3.13: (a): contrast enhanced BSE SEM image of weathered sulfide nodules
in Dronino section 3. The contrast and exposition are enhanced to show mottling
in the sulfide nodule. (b): detailed view of the nodule rim. T: troilite, W: sulfide
weathering and Ox: iron oxides and hydroxides needles mixed with metal.
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Figure 3.14: Composite colour map from SEM X-ray element maps of Dronino thick
section 2a. Colour code: Fe green, S yellow, Ni purple, Co blue, Cr red and O white.
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Figure 3.15: Photograph of the sample of Uruac¸u. Image courtesy of Wayne Harri-
gan.
Uruac¸u, Ungrouped
Uruac¸u has not been mounted into a thick section but visual identification on the pol-
ished sample reveals a centimeter sized sulfide nodule with a graphite and schreiber-
site or cohenite rim (Figure 3.15). Dark iron oxides and hydroxides fill up branching
fractures in the nodule. Powder from the troilite nodule of Uruac¸u has been ana-
lyzed by X-ray diﬀraction in order to identify the weathering products filling those
fractures.
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3.3.2 Major and minor elements compositions
Major and minor element compositions measured by EPMA in the weathered ar-
eas show the same Ni and Co enrichments seen qualitatively on the SEM element
maps. Data for the meteorites studied in this chapter has been normalized to
Fe+Ni+S=100% and plotted into a Fe-Ni-S ternary diagram shown in Figure 3.16.
Stochiometric troilite is seen in Chulafinnee, Nantan, Patos de Minas and Dronino
and daubre´elite with near ideal formula in Patos de Minas. Metal, schreibersite and
metal-schreibersite mixtures plot along a line on the Fe-Ni boundary. Daubre´elite-
troilite-kamacite mixtures lie on a line parallel and close to the Fe-S boundary. This
is observed for Chulafinnee due to shock melting of the sulfide nodules which dis-
play a micrometer sized assemblage of sulfide and metal termed eutectic texture,
see Chapter 5 for more details. Sulfide weathering products plot within a band of
25-40 wt% S and between 0 and 64 wt% Ni in Nantan, Dronino and Patos de Minas.
Fe content varies less and remains between 60 and 70 wt%. It is remarkable that
the highest Ni abundances in the sulfide weathering products: 64 wt% for Nantan,
58 wt% for Dronino and 42 wt% for Patos de Minas, are significantly above the
highest Ni abundances measured in the metal and schreibersite. There is therefore
a mechanism which concentrates nickel during terrestrial weathering to concentra-
tions above primary composition. Furthermore, despite having diﬀerent classifica-
tion, mineralogy, terrestrial recovery locations with various climates, the meteorites
Nantan, Dronino and Patos de Minas show a very consistent compositional trend of
sulfide weathering products on the Fe-Ni-S diagram, which strongly suggests that
the same sulfide weathering products are observed in these three meteorites.
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Figure 3.16: Fe-Ni-S ternary diagram of minerals in Nantan, Chulafinnee, Dronino
and Patos de Minas. EPMA results are normalized so that Fe+Ni+S=100% which
can cause some distortion in the data when the mineral also contains Co.
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On a Co vs. Ni plot of the sulfides, no strong correlation is shown (Figure 3.17a).
High Ni sulfides with 40 to 63.39±0.49 wt% Ni (in Nantan) have a low Co content of
less than 3 wt%. The highest Co abundance found is 17.45±0.16 wt% in Dronino fol-
lowed closely by 16.31±0.16 wt% in Patos de Minas. The log-log plot of Figure 3.17b
better shows the points with low concentrations, of which there are more in Dronino
due to a sampling bias caused by more measurements taken in the Dronino mete-
orites. The Co vs. Ni content in Chulafinnee is not plotted in Figure 3.17a because
the fine grained eutectic texture of the nodules (Figure 3.18) makes it diﬃcult to
separate sulfide and metal measurements and Chulafinnee has daubre´elite instead
of troilite with Cr being an additional major element. The center of nodule 1 in
Chulafinnee contains about 6 wt%Ni but there is no apparent depletion in Fe (Fig-
ure 3.18), the eutectic texture is attributed to shock melting (see Chapter 5) and
the nodule is not pervasively weathered because the measured sulfide composition
has not been aﬀected by weathering.
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(a)
(b)
Figure 3.17: (a): Co vs. Ni content in sulfides of Dronino, Nantan and Patos de
Minas, measured by EPMA. The error bars are not visible on a linear plot. (b):
Log-log plot of Co vs. Ni content in sulfides of Dronino, Nantan and Patos de Minas,
measured by EPMA. Typical detection limit of Co is about 350 ppm (0.035 wt%)
and of Ni about 450 ppm (0.045 wt%).
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(a)
(b)
Figure 3.18: EPMA analysis of a sulfide nodules and surrounding metal in Chu-
lafinnee. Point 1 6 has not been plotted because its total of 89 wt% is too low. (a):
location of measurements. (b): elemental abundances.
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3.3.3 Major, minor and trace element zoning in a sulfide
nodule of Dronino
A profile across a weathered nodule in Dronino thick section 1a has been analyzed by
EPMA and LA-ICP-MS to study the zoning in major, minor and trace elements. A
composite colour map of the section is shown in Figure 3.11. The nodule has Ni and
Co rich sulfide weathering rims and is surrounded by iron oxides and hydroxides.
Chromite inclusions are embayed in the top right corner. There is a 2 mm long
crack across the bottom right of the nodule filled with a Ni-rich sulfide weathering
product (Figure 3.11). The profile has been taken along the vertical great axis of
the nodule. The distances between the measurements and the centre and the edge
of the nodule have been measured with ImageJ and calibrated using the scale bar of
the images in Figure 3.17b. Figure 3.17b shows EPMA BSE images of the studied
nodule with the location of EPMA measurement points 1 1 to 1 3 and 1 1 to 1 19
in red and location of LA-ICP-MS measurement points A to G in blue. Point E is
approximately the centre of the nodule and is used as such for the measurement of
distances from the centre. Point A was measured in the high BSE potential Ni-rich
rim of the nodule, however the rim is too thin for an accurate LA-ICP-MS analysis
along the profile (A*) so an area where the rim is larger has been chosen. Point A
is taken nearly along the horizontal small axis of the ellipsoid, in order to remain
consistent with the rest of the profile the location used for those measurements is
A*.
Tables 3.2 and 3.3 compile the measured distances in pixels and millimetres.
Measurements have been taken from the point to the centre of the nodule, to the
edge and to the weathering rim. Fe and S mass fraction decrease logarithmically
from the centre towards the edge (Figure 3.20a). The 4 points that plot below the
Fe curve at around 0.8 mm from the centre have been measured in the weathered
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(a) Image 1
(b) Image 2
Figure 3.19: EPMA BSE images of a weathered troilite nodule of Dronino thick
section 1a. The top of image 2 overlaps with the bottom of image 1.
3.3.3 Major, minor and trace element zoning in a sulfide nodule of Dronino 65
area along the fracture bottom right of nodule. S has a flatter curve than Fe and
is depleted by about 9 wt% at most (35.04±0.25 wt% to 25.59±0.22 wt% ) while
Fe is depleted by up to about 51 wt% (63.46±0.58 wt% to 11.49±0.15 wt% ). In
the pristine metal, Fe content is about 90 wt% and S is below the detection limit
of the EPMA which is between 208 and 239 ppm. Co data are more scattered
although some points show an enrichment as the edge of the nodule is approached
(Figure 3.20b), from 0.07±0.03 wt% to 12.42±0.15 wt%. Ni shows a dramatic and
discontinuous increase as the rim is reached, from 0.01±0.03 wt% to 57.91±0.4 wt%.
Ni and Co are more abundant in the rim than in the unweathered metal and pristine
sulfide. The rims of the bottom right fracture show Ni enrichment (Figure 3.20b),
as noted earlier by observation of the BSE potential.
Looking at trace element contents along the profile in Figure 3.21, there is a
large variation in the Cr and V content and a more subtle variation in Mn, Cu and
Mo content with error bars overlapping for some of the points. Figure 3.22 shows
the individual elemental profiles across the nodule. Cr and V are enriched in the
bottom half of the nodule and Cr abundance is greater in the metal than in the
weathering rim and top of the nodule. Mn and Cu are slightly depleted in the rim
but the large error bars mean this eﬀect does not impact much on the measured
concentration.
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(a)
(b)
Figure 3.20: Major (a) and minor (b) elements composition of the Dronino nodule as
a function of the distance to the centre of the nodule measured with EPMA (values
in Table 3.2). Error bars are smaller than data points.
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ICP-MS
point
EPMA
point
Distance to
centre (px)
Distance to
centre (mm)
Image 1 614.67 1 mm scale bar
Pristine metal 1 1, 1 2 and 1 3 858.67 1.4
Edge of nodule 813.59 1.32
A 1 8, 1 9 and 1 10 706.39 1.15
A* 772.86 1.26
Rim 755.95 1.23
B 1 13 698.66 1.14
C 1 5 374.6 0.61
D 1 12 240.43 0.39
Image 2 617.33 1 mm scale bar
E 1 2 0 0
F 1 3 328.44 0.53
G 1 4 526.78 0.85
Table 3.3: Distance of the LA-ICP-MS measurements to the centre of the nodule in
Dronino section 1a, determined with ImageJ. Point E is the centre of the nodule.
Figure 3.21: Profiles of elemental abundances in weathered nodule of Dronino section
1a obtained from LA-ICP-MS analysis. A is at the top of the nodule, G at the
bottom and E in the centre. The grey dotted line is the average detection limit.
The atomic number is the channel selected for analysis, abundance given is for the
entire element, not for the isotope.
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Figure 3.22: Elemental abundances across a sulfide nodule in Dronino section 1a
measured with LA-ICP-MS and EPMA. The abundances shown are measured within
the nodule, the weathering rim “R” and the surrounding pristine metal “M”. De-
tection limits are the curves filled in below.
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3.3.4 Trace element abundances in weathered samples
Results for LA-ICP-MS trace element analysis in thick sections of Nantan, Patos de
Minas, Dronino 1a, 2a and 3 are ordered by decreasing Ni abundance and shown in
Table 3.4. The most pervasively weathered the sulfide, the highest the Ni content.
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Figure 3.23: X-ray diﬀraction patterns of Cape York troilite (blue) and Uruac¸u (red).
The bar plots show the standards for goethite (dashed black bars) and magnetite
(plain blue bars). The intensity of the base line increases in the case of Uruac¸u
because of presence of metal in the sample (there is fluorescences of metal caused
by the X-rays Cu source). This does not aﬀect height and location of the peaks in
the pattern.
3.3.5 X-ray diﬀraction study of weathering products
Pristine troilite and weathering products of sulfide nodules in powder from Patos de
Minas, Uruac¸u and Cape York and an in situ profile across the thick section of Patos
de Minas were analyzed by X-ray diﬀraction at the NHM for mineral identification.
Cape York troilite was used as a reference material (see Chapter 2 for more details).
The sample of Uruac¸u is a fragment separated from the sulfide nodule and pow-
dered. The pattern of the sample is shown on Figure 3.23. It matches the pattern
for Cape York troilite with a further 3 peaks that are consistent with the presence
of goethite (FeO(OH)) at 21.22, 36.65 and 45.04 degrees. There is a further peak at
33.2 degrees superimposed with a troilite (FeS) peak. There is also a peak at 35.42
and at 43.05 (coalescent with a troilite peak at 44) and an increase in peak height at
30.09 which would indicate the presence of magnetite (Fe3O4). Furthermore, there
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Figure 3.24: X-ray diﬀraction patterns of Cape York troilite (blue) and Dronino
(orange). The bar plots show the standards for heazlewoodite (dashed black bars)
and pentlandite (plain red bars).
is a kamacite (FeNi) peak at 44.65. Since the sample is powdered with randomly
oriented grains, the peak height ratios have been preserved.
The sample of Dronino 2a was measured in static mode and with a 100 µm pin-
hole, focusing the beam on the edge of a sulfide nodule. A static unpowdered sample
is observed under a preferential orientation of the mineral and the peak heights are
therefore not the same in the standard. The X-ray diﬀraction pattern shown in Fig-
ure 3.24 is consistent with presence of troilite (FeS), pentlandite ((Fe,Ni)9S8) and
heazlewoodite (Ni3S2). There is also a kamacite (FeNi) peak at 44.65.
In Patos de Minas, a 100 µm pinhole was used to produce a beam of about 500 µm
in diameter and do a profile across the section. Points are shown in Figure 3.25,
numbered 1 to 9 and extend from the phosphide rim, through the weathering rim and
up to the core of the nodule. Results show the presence of pentlandite ((Fe,Ni)9S8)
and heazlewoodite (Ni3S2). Comparison with patterns of the other Ni and Co bear-
ing sulfides in the WinXpow database: violarite, linnaeite, millerite, polydimite, etc
didn’t give a satisfying correspondence of peaks.
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(a) Location of XRD measurements on the BSE SEM image of the
thick section of Patos de Minas.
(b) Pattern obtained for the metal (circle number 10 in top image).
The bar plot shows the standard pattern for kamacite.
(c) Patterns obtained across the section, along profiles 1 to 9 (circles)
in top image.
Figure 3.25: XRD measurements on the thick section of Patos de Minas.
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3.4 Discussion
3.4.1 Mechanisms of weathering
Two major types of weathering under diﬀerent conditions have been observed here:
- natural weathering; on the Earth’s surface or buried in sediments,
- artificial reheating by human activity, either to separate a fragment from a
large mass, for scientific research purpose or blacksmithing and reworking of
the meteorite for tool making or use of a large meteorite as an anvil (these
uses have been documented by Buchwald (1975)).
Permeability and texture of iron meteorites
Iron meteorites transform into masses of iron oxides and hydroxides, with alteration
resulting in preferential leaching of the more soluble elements. The insoluble weath-
ering products remain in situ in the cracks. In chondrites, porosity and permeability
are important parameters for the weathering rate of the rock Bland et al. (2006).
Due to the low primary porosity of iron meteorites, alterations occurs primarily
along fractures (secondary porosity due to terrestrial eﬀects) and grain boundaries.
This has been observed in the thick sections of Chulafinnee and Dronino. A weath-
ering rim occurs around the sulfide nodules of Dronino, Patos de Minas, Uruac¸u,
Chulafinnee and Nantan since these boundaries also allow the penetration of fluids.
In Dronino, however, nodules that are away from fractures do not show signs of
weathering emphasising that pathways to the surface of the specimen and not just
localised permeability are important in weathering.
Furthermore, in Figure 3.11 and 8.A the weathering has caused an orthogonal
to suborthogonal basketweave pattern, however Dronino is an ataxite so does not
display a Widmansta¨tten pattern. This basketweave structure could be explained
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by the presence of fine banded taenite needles described in the Meteoritical Bulletin
No. 88 (Russell et al., 2004) with attack occuring preferentially at phase boundaries.
However taenite needles are rare and the weathering rate of taenite is lower than that
of kamacite Gooding (1981) so the needles are more likely to be partly preserved.
There are traces of high Ni lamellae on the left side of the section (purple colour) but
there are none on the right side of the section. The basketweave structure is probably
a result of corrosion attacking preferentially due to diﬀerences in diﬀusion rate along
lattice planes of the kamacite crystals or possibly kamacite/cohenite boundaries (the
cohenite could be undetected due to the presence of a carbon coating on the thick
section).
The most pervasive weathering is seen in Dronino, Nantan and Patos de Minas.
Only minor weathering is shown in Chulafinnee and Uruac¸u with no sulfide weath-
ering products detected. The Carthage and Cape York samples studied do not show
any signs of natural weathering. The sulfide weathering products are pentlandite
((Fe,Ni)9S8) and heazlewoodite (Ni3S2). They are found within rims around troilite
nodules. The rim is constituted of a fine grained mixture of troilite, pentlandite and
heazlewoodite that form a mixing line on the Fe-Ni-S ternary diagram. Iron oxides
and hydroxides form a second rim around the nodule that can be found between a
phosphide rim and the sulfide nodule (as in Patos de Minas and Uruac¸u) or directly
between the metal and sulfide nodule (Dronino). Note that Nantan does not show an
iron oxide/hydroxide rim but it could have been plucked out with schreibersite upon
polishing. Chulafinnee is only lightly weathered and the iron oxide and hydroxide
rim is incomplete.
Mineralogy, composition and geochemical setting
The mineralogical assemblages within fine-mixtures analysed in this study can be
evaluated as mixing relationships using the stoichiometry of the pure phases and
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comparison to literature data. The composition of troilite (FeS), heazlewoodite
(Ni3S2) and pentlandite ((Fe,Ni)9S8) are shown in Table 3.6. Pentlandite is a solid
solution, the Fe to Ni ratio is generally close to 1 but can vary around the ideal
formula. A large quantitative study of terrestrial pentlandite formed below 250◦C in
terrestrial ore deposits Harris and Nickel (1972) found that the composition of the
pentlandite is strongly dependent upon the mineralogy of the sulfide assemblage.
A comparison of Harris and Nickel (1972)’s data, calculated composition for the
pure phases and (Fe,Ni,Co) sulfides measured in this study in the iron meteorites is
shown in Table 3.6. The compositions of the sulfide weathering rims are consistent
with a mixture of troilite, pentlandite and heazlewoodite in all three meteorites,
with varying proportions of each mineral in the inner and outer layer of the rim.
Figure 3.13 shows the Fe-Ni-S and S-Ni-Co ternary diagrams for Dronino (for
clarity Nantan and Patos de Minas haven’t been plotted and because Dronino has
the largest dataset). The datapoints lie on a mixing line of troilite, pentlandite and
heazlewoodite. Ni concentration in metal is up to 6 times lower than in the sulfide
weathering products, which suggests that Ni is leached from the metal and concen-
trated in the fluid phase which then reacts with the troilite to form heazlewoodite
and pentlandite. In the S-Ni-Co diagram there is distortion in the Co content due
to normalizing the S, Ni and Co compositions to 100%, without taking Fe into con-
sideration. As a result, a larger spread of Co content is seen. Two populations are
distinguished: a group with high Ni and low to medium Co that corresponds to a
heazlewoodite-pentlandite mixture and a group with low Ni and low to high Co that
corresponds to a troilite-pentlandite mixture. Pentlandite is the only mineral of the
three sulfides observed that can accommodate wt% levels of Co. The equilibrium
Co content of pentlandite is dependent on pressure and temperature conditions.
Arif and Moon (1994) found from textural evidence that in terrestrial rocks
heazlewoodite is a product of alteration of pentlandite in the presence of Ni rich
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Figure 3.26: Top: Fe-Ni-S ternary diagram showing EPMA compositions of sulfide
weathering products in Dronino. This study in black, error bars are smaller than the
markers. Heazlewoodite and troilite in red are calculated stoichiometric composi-
tions. Pentlandite 1 in blue is the measured composition of pentlandite in terrestrial
ores for pentlandite-troilite assemblages and pentlandite 2 in green is the measured
composition for pentlandite-heazlewoodite assemblages, both are from Harris and
Nickel (1972). Composition is normalized to 100% for the 3 elements considered.
Bottom: S-Ni-Co ternary diagram showing EPMA compositions of sulfide weather-
ing products in Dronino. Beware the distortion in Co content due to normalizing S,
Ni and Co to 100% without taking Fe into consideration.
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fluid produced from serpentinization of olivines. However, in olivine weathering
experiments, Filippidis (1982) showed that heazlewoodite and Ni-rich magnetite
form under conditions of low sulfur fugacity and pentlandite under condition of
slightly higher sulfur fugacity. Amstutz et al. (2012) report fine grained intergrown
pentlandite-heazlewoodite for serpentines with a low bulk sulfur content, with less
than a few tenths of percent of S in the sulfides, and pure pentlandite for a higher
bulk S content; this is consistent with the sulfur fugacity experiments of Filippidis
(1982). Both processes are consistent with sulfide weathering rims consisting of an
inner layer made of troilite and pentlandite and an outer layer made of pentlandite
and heazlewoodite. It is also possible that as weathering progresses the sulfur avail-
able diminishes. Those alteration minerals also form under conditions of low oxygen
fugacity.
Chukanov et al. (2009) found violarite (Fe2+Ni3+2 S4) in Dronino in contrast to
the presence of pentlandite ((Fe,Ni)9S8) in this study, however, their study was
conducted on intensely weathered meteorite shale and emphasises that weathering
varies considerably for a single meteorite, depending on proximity to the surface
and the local environment of weathering. Furthermore, Grguric (2002) states that
violarite is widely found as a product of supergene alteration of pentlandite, which is
consistent with our samples showing pentlandite and the more intensively weathered
samples of Chukanov et al. (2009) showing violarite.
Chemical reactions involved
The chemical reactions suggested by the phases observed in the samples are oxido-
reduction reactions which imply transfer of electrons from a phase that is reduced,
here the Fe-Ni metal (preferentially kamacite), to a phase that is oxydized. In
aqueous solution, there is oxidative dissolution of the metal into Fe(II) and Ni(II)
ions.
82 Terrestrial Weathering
1) Hence the equation of oxidation of kamacite to Fe(II) with water:
1 × (Fe9Ni −→ 9Fe2+ +Ni2+ + 20 e−)
+ 5 × (O2 + 4 e− + 2H2O −→ 4OH−)
Fe9Ni + 5O2 + 10H2O −→ 9Fe2+ + Ni2+ + 20OH−
Fe(II) can further react with water to produce Fe(III) and iron oxides and hy-
droxides, two well known weathering products being goethite (an iron hydroxide)
and magnetite (an iron oxide):
Fe3+ + 2H2O −→ FeO(OH) + 3H+
Fe2+ + 2Fe3+ + 4H2O −→ Fe3O4 + 8H+
Both goethite and magnetite have been identified by X-ray diﬀraction as weather-
ing products infilling a crack in a sulfide nodule of Uruac¸u (Figure 3.23), showing a
mobility of the Fe(II) and Fe(III) ions at the centimetre scale.
Note that the oxidative dissolution of kamacite produces a large amount of hy-
droxide ions (20 for 1 molecule of kamacite consumed and 9 Fe(II) produced) but
the precipitation of Fe(II) and Fe(III) ions produces hydronium ions (3 for 1 Fe(III)
consumed or 8 for 1 Fe(II) and 2 Fe(III) consumed). Oxygen is also consumed dur-
ing dissolution of kamacite. Fe(II) and Fe(III) precipitate to form iron oxides and
hydroxides in cracks and fractures within the meteorite. Because of this Fe sink, the
fluid phase is therefore enriched in Ni(II) ions. The textures observed in the weath-
ered troilite nodules suggest the replacement of troilite by pentlandite. Therefore,
it is proposed that the Ni(II) ions react with the troilite to form pentlandite.
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2) Hence the equation of reduction of ions Ni in aqueous solution:
2 × (8FeS + Ni2+ + 2 e− −→ (Fe, Ni)9S8)
+ 1 × (4OH− −→ O2 + 4 e− + 2H2O)
16FeS + 2Ni2+ + 4OH− −→ 2 (Fe, Ni)9S8 +O2 + 2H2O
There is a second weathering rim where pentlandite is finely associated with
heazlewoodite, this corresponds to an addition of more nickel and mobilization of
Fe from the pentlandite. Presence of chlorine from groundwater could aﬀect the
amount of Ni available in solution as Ni can form a complex with chlorine ions,
increasing greatly its solubility.
The dissolution of kamacite and formation of iron oxides and hydroxides is ac-
companied by a change in volume. Indeed the density of kamacite is 7.9 g.cm−3
and densities of goethite and hematite respectively 4.27 g.cm−3 and 5.28 g.cm−3
(Table 3.7). This could cause expansion of fractures which in turns favors more in-
tense weathering as suggested for ordinary chondrites (Bland et al., 2006). However,
density of troilite is 4.91 g.cm−3 versus 4.96 g.cm−3 for pentlandite and 5.87 g.cm−3
for heazlewoodite (Table 3.7). No significant change is observed for weathering of
troilite but a small amount of accommodation space is created.
Mineral Composition
Measured
density
(g.cm−3)
Calculated
density
(g.cm−3)
Reference
Native sulfide Troilite FeS 4.58 to 4.65 4.91 Webmineral
Native metal Kamacite FeNi 7.9 Webmineral
Native phosphide Schreibersite (Fe,Ni)3P 7.0 to 7.3 7.28 Mindat
Weathering sulfide
Pentlandite (Fe,Ni)9S8 4.6 to 5 4.96 Mindat
Cobaltpentlandite (Co,Ni,Fe)9S8 5.22 Mindat
Heazlewoodite Ni3S2 5.82 5.87 Mindat
Weathering iron hydroxide Goethite FeO(OH) 4.27 Webmineral
Weathering iron oxide Hematite Fe2O3 5.28 Webmineral
Table 3.7: Densities of common minerals in iron meteorites, native or products of
terrestrial weathering.
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Terrestrial age, climate and terrestrial setting
Climate can be expected to play an important role in the weathering of iron mete-
orites due to the availability of oxidising agents such as liquid water. Patos de Minas
and Uruac¸u have been recovered in neighbouring regions of Brazil. Carthage and
Chulafinnee are from the USA, Nantan from China and Dronino from Russia. All are
finds with location coordinates given in Table 3.8. Plotting the coordinates into the
world map of Ko¨ppen-Geiger climate classification from Kottek et al. (2006) (shown
in Figure 3.27), the conditions of each location are for main climates, precipitation
and temperature:
• Patos de Minas and Uruac¸u: equatorial, winter dry (Aw), Alvares et al. (2013)
also take into account elevation and further classify it as a zone of monsoon
tropical climate;
• Carthage and Chulafinnee: warm temperate, fully humid, warm summer
(Cfb);
• Dronino: snow, fully humid, warm summer (Dfb);
• Nantan: arid, summer dry, hot arid (Bsh);
• Cape York: polar (E), polar tundra (ET).
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Patos de Minas, Uruac¸u, Carthage, Chulafinnee and Dronino come therefore
from areas with humid climates, Nantan is from a hot desert and Cape York is from
a cold desert (with the caveat of having been recovered in a coastal area). Terrestrial
ages are not available for the weathered iron meteorites studied.Grokhovsky et al.
(2006) gives an age greater than 1000 years for Dronino. Nantan was shielded in
a large object as shown by cosmogenic nuclide 10Be and 26Al (Nishiizumi et al.,
1995).
Meteorite Country Province/State Latitude Longitude Reference
Patos de Minas Brazil Minas Gerais 18◦ 35′S 46◦ 32′W 1
Uruac¸u Brazil Goia´s 14◦ 32′S 48◦ 46′W 1
Carthage USA Tenessee 36◦ 16′N 85◦ 59′W 1
Chulafinnee USA Alabama 33◦ 30′N 85◦ 40′W 1
Nantan China Guangxi 25◦ 6′N 107◦ 42′E 1
Dronino Russia Ryazan Oblast 54◦ 44′ N 41◦ 25′ E 2
Cape York Agpalilik Greenland Qaasuitsup 76◦09′N 65◦10′W 3
Table 3.8: Locations where the samples studied were recovered; 1: catalogue of
meteorites Grady (2000); 2: meteoritical bulletin Russell et al. (2004) ; 3: report
of Dr. Vagn Buchwald in a letter to the meteoritical society, IX.20.1963, (Krinov,
1963)
Burial of meteorites has been identified by Buchwald (1977) as an important
parameter contributing to the intensity of weathering. Buchwald reports that a
390 g fragment that fell oﬀ the main mass of Agpalilik upon excavation and later
transformed into “a heap of loose scale and dust within a year and attributes this
phenomenon and the conspicuous presence of lawrencite on surface of weathered iron
meteorites to chlorine leaching into iron meteorites from groundwater. Groundwa-
ter corrosion is also important in terrestrial rock weathering, for example deep soil
weathering profiles such as laterites depend on long-term tropical weathering due to
extend contact with pore fluids and karsts are largely formed in soil layers since they
allow for long-term contact with a small volume of acid fluids. Berkey and Fisher
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(1967) associate the presence of chlorine with groundwater penetrating the mete-
orite through grain boundaries and cleavages and sometimes even en masse through
the metallic matrix. The sample of Cape York Agpalilik studied comes from within
the 15 ton mass of Agpalilik and is pristine. However the Nantan samples are mul-
tiple centimeter-sized grains which were likely recovered underground. This could
explain the very pervasive weathering shown in the grains despite the arid climate.
The mass of Patos de Minas was found ”when plowing the land with a tractor”
and is described as very weathered in Connolly et al. (2008) (Meteoritical bulletin
number 93). Furthermore, Chukanov et al. (2009) state that most Dronino mete-
orites have been recovered buried in 0.5 to 1 m of “glacial and post glacial sandshale
sediments” and identified Cl bearing terrestrial weathering products: nickelbischof-
ite (NiCl2 •6H2O) and droninoite (Ni3Fe3+Cl(OH)8 •2H2O). The three meteorites
showing most pervasive weathering in this study were recovered underground.
3.4.2 Eﬀects of weathering on trace element concentrations
and distribution
Profiles across weathered nodules potentially provide constraints on the relative
behaviour of elements during weathering due to their geochemical behaviour under
oxidation. In the profile of Dronino 1a, abundances of the lithophiles Cr and V are
greater in the bottom half of the nodule and Cr abundance is greater in the metal
than in the weathering rim and top of the nodule. There is a chromite inclusion at
the top right of the nodule (Figure 3.5), the Cr and V gradients can therefore be
explained by subsolidus diﬀusion of those lithophiles elements the troilite into the
oxide and this is not related to weathering. Abundances of those lithophiles elements
in the weathering rim is the same than in the pristine troilite. Furthermore, the
chalcophile Cu is slightly enriched towards the top of the nodule so there might have
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been diﬀusion from chromite towards troilite in that case. There is no significant
change in trace elements content with sulfide weathering apart from Ni and Co
enrichment.
This is confirmed by calculating the correlation coeﬃcient between the measured
trace elements abundances in sulfides. They are shown as symmetrical matrices in
Table 3.9, Table 3.10 and Table 3.11. Ni is anticorrelated with Fe in weathered sam-
ples: -0.99 for Nantan and -0.82 for Dronino and not correlated for pristine samples:
less than -0.1 for Patos de Minas in which no pervasively weathered material was
measured. Interestingly, Ni and Co are very weakly correlated (0.06 for Nantan and
0.12 in Dronino) which supports the observation of diﬀerent Ni-rich and Co-bearing
phases: heazlewoodite is Ni-rich but does not contain Co, pentlandite contains less
Ni but can accept several wt% of Co. Ni strongly correlates with trace elements in
Nantan, but not within Dronino and Patos de Minas. Given their broadly similar
mineralogies this emphasises that subtle diﬀerences in local conditions within sam-
ples, such as pH and fO2, can dramatically influence relative geochemical behavior.
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Na23 Mg24 P31 Ca43 Ti47 V51 Cr53 Mn55 Fe57 Co59 Ni60 Ni62 Cu63 Zn66 Se82 Nb93 Mo95 Ag107 Ag109 Te125
Na23 1.00 -0.12 0.66 -0.82 0.18 0.71 0.60 0.35 0.82 0.51 -0.80 -0.80 0.85 -0.80 0.67 0.65 0.68 0.18 0.17 0.35
Mg24 -0.12 1.00 0.65 -0.76 -0.50 -0.74 -0.78 -0.9 -0.59 0.77 0.63 0.63 -0.54 0.52 -0.75 -0.79 -0.59 -0.60 -0.84 -0.80
P31 0.66 0.65 1.00 -0.58 -0.20 -0.03 -0.17 -0.45 0.17 0.99 -0.13 -0.13 0.27 -0.18 -0.06 -0.10 0.08 -0.19 -0.46 -0.24
Ca43 -0.82 -0.76 -0.58 1.00 0.45 0.32 0.18 0.39 -0.94 -0.57 -0.57 -0.57 -0.48 0.02 0.68 -0.05 0.37 0.20 0.33 0.35
Ti47 0.18 -0.50 -0.20 0.45 1.00 0.58 0.53 0.49 0.54 -0.31 -0.55 -0.55 0.25 -0.22 0.63 0.64 0.36 0.15 0.36 0.37
V51 0.71 -0.74 -0.03 0.32 0.58 1.00 0.97 0.87 0.98 -0.22 -0.99 -0.99 0.87 -0.89 1.00 0.98 0.89 0.44 0.66 0.72
Cr53 0.60 -0.78 -0.17 0.18 0.53 0.97 1.00 0.93 0.92 -0.35 -0.93 -0.93 0.80 -0.85 0.96 0.96 0.87 0.40 0.71 0.66
Mn55 0.35 -0.90 -0.45 0.39 0.49 0.87 0.923 1.00 0.77 -0.61 -0.79 -0.79 0.60 -0.75 0.87 0.88 0.70 0.29 0.66 0.60
Fe57 0.82 -0.59 0.17 -0.94 0.54 0.98 0.92 0.77 1.00 -0.02 -1.00 -1.00 0.99 -0.92 0.97 0.94 0.90 0.40 0.56 0.66
Co59 0.51 0.77 0.98 -0.57 -0.31 -0.22 -0.35 -0.61 -0.02 1.00 0.06 0.06 0.10 -0.01 -0.24 -0.29 -0.09 -0.25 -0.56 -0.36
Ni60 -0.80 0.63 -0.13 -0.57 -0.55 -0.99 -0.93 -0.79 -1.00 0.06 1.00 1.00 -0.90 0.92 -0.98 -0.94 -0.91 -0.41 -0.59 -0.68
Ni62 -0.80 0.63 -0.13 -0.57 -0.55 -0.99 -0.93 -0.79 -1.00 0.06 1.00 1.00 -0.90 0.92 -0.98 -0.94 -0.91 -0.41 -0.59 -0.68
Cu63 0.85 -0.5 0.27 -0.48 0.25 0.87 0.80 0.60 0.91 0.10 -0.90 -0.90 1.00 -0.88 0.80 0.81 0.89 0.63 0.64 0.77
Zn66 -0.79 0.52 -0.18 0.02 -0.22 -0.89 -0.85 -0.75 -0.92 -0.01 0.92 0.92 -0.88 1.00 -0.88 -0.79 -0.90 -0.30 -0.48 -0.60
Se82 0.67 -0.75 -0.06 0.68 0.63 1.00 0.96 0.87 0.97 -0.20 -0.98 -0.98 0.80 -0.88 1.00 0.97 0.89 0.44 0.67 0.72
Nb93 0.65 -0.78 -0.10 -0.05 0.60 0.97 0.96 0.88 0.94 -0.29 -0.94 -0.94 0.81 -0.79 0.97 1.00 0.79 0.41 0.67 0.69
Mo95 0.68 -0.58 0.08 0.37 0.36 0.89 0.87 0.70 0.90 -0.09 -0.91 -0.91 0.89 -0.90 0.89 0.79 1.00 0.60 0.73 0.74
Ag107 0.18 -0.60 -0.19 0.20 0.15 0.44 0.40 0.29 0.40 -0.25 -0.41 -0.41 0.63 -0.30 0.44 0.41 0.60 1.00 0.86 0.91
Ag109 0.17 -0.80 -0.46 0.33 0.36 0.66 0.71 0.66 0.56 -0.56 -0.59 -0.59 0.64 -0.48 0.67 0.67 0.73 0.86 1.00 0.88
Te125 0.35 -0.80 -0.2 0.35 0.37 0.72 0.66 0.60 0.66 -0.36 -0.68 -0.68 0.77 -0.60 0.72 0.69 0.74 0.91 0.88 1.00
Table 3.9: Correlation matrix between trace element abundances in Nantan. The
index near the element name indicates the channel selected during LA-ICP-MS
analysis, i.e. correlation have been calculated between elemental abundances not
isotope abundances.
P31 S33 S34 Ti47 V51 Cr53 Mn55 Fe57 Co59 Ni60 Ni62 Cu63 Zn66 Se82 Nb93 Mo95 Ag107 W182 Os189 Pb208
P31 1.00 0.32 0.39 0.17 -0.04 0.12 0.45 -0.35 0.34 0.27 0.26 -0.82 -0.37 0.11 0.10 0.66 -0.92 -0.27 -0.47 -0.53
S33 0.32 1.00 0.93 0.61 0.73 0.87 0.95 0.47 0.87 0.66 0.63 -0.53 0.47 0.86 0.91 0.58 -0.52 -1.00 0.31 0.55
S34 0.39 0.93 1.00 0.59 0.76 0.83 0.97 0.58 0.84 0.57 0.53 -0.67 0.38 0.84 0.78 0.53 -0.66 -0.95 -0.02 0.48
Ti47 0.17 0.61 0.59 1.00 0.74 0.71 0.51 0.41 0.72 -0.12 -0.14 -0.42 0.62 0.89 0.58 0.60 -0.39 -0.98 -0.99 0.39
V51 -0.04 0.73 0.76 0.74 1.00 0.95 0.74 0.88 0.88 0.06 0.01 -0.18 0.86 0.81 0.81 0.54 -0.25 -0.99 -0.82 0.81
Cr53 0.12 0.87 0.83 0.71 0.95 1.00 0.87 0.74 0.97 0.29 0.24 -0.25 0.81 0.83 0.95 0.68 -0.34 -0.99 0.86 0.77
Mn55 0.45 0.95 0.97 0.51 0.74 0.87 1.00 0.53 0.90 0.61 0.57 -0.60 0.42 0.75 0.85 0.65 -0.66 -0.95 0.28 0.49
Fe57 -0.35 0.47 0.58 0.41 0.88 0.74 0.53 1.00 0.59 -0.01 -0.06 0.08 0.77 0.55 0.58 0.15 0.02 -0.99 0.12 0.86
Co59 0.34 0.87 0.84 0.72 0.88 0.97 0.90 0.59 1.00 0.29 0.25 -0.39 0.71 0.79 0.92 0.83 -0.52 -1.00 -0.63 0.60
Ni60 0.27 0.66 0.57 -0.12 0.06 0.29 0.61 -0.01 0.29 1.00 1.00 -0.39 -0.15 0.29 0.50 0.07 -0.30 -0.93 0.69 0.17
Ni62 0.26 0.63 0.53 -0.14 0.01 0.24 0.57 -0.06 0.25 1.00 1.00 -0.38 -0.20 0.26 0.46 0.04 -0.28 -0.92 0.69 0.13
Cu63 -0.82 -0.53 -0.67 -0.42 -0.18 -0.25 -0.60 0.08 -0.39 -0.39 -0.38 1.00 0.29 -0.49 -0.19 -0.44 0.94 0.59 0.43 0.31
Zn66 -0.37 0.47 0.38 0.62 0.86 0.81 0.42 0.77 0.71 -0.15 -0.20 0.29 1.00 0.59 0.74 0.43 0.19 -0.76 -0.04 0.89
Se82 0.11 0.86 0.84 0.89 0.81 0.83 0.75 0.55 0.79 0.29 0.26 -0.49 0.59 1.00 0.76 0.47 -0.41 -0.99 -0.58 0.57
Nb93 0.10 0.91 0.78 0.58 0.81 0.95 0.85 0.58 0.92 0.50 0.46 -0.19 0.74 0.76 1.00 0.63 -0.25 -0.96 0.96 0.76
Mo95 0.66 0.58 0.53 0.60 0.54 0.68 0.65 0.15 0.83 0.07 0.04 -0.44 0.43 0.47 0.63 1.00 -0.65 -0.95 -1.00 0.13
Ag107 -0.92 -0.52 -0.66 -0.39 -0.25 -0.34 -0.66 0.02 -0.52 -0.30 -0.28 0.94 0.19 -0.41 -0.25 -0.65 1.00 0.53 0.52 0.29
W182 -0.27 -1.00 -0.95 -0.98 -0.99 -0.99 -0.95 -0.99 -1.00 -0.93 -0.92 0.59 -0.76 -0.99 -0.96 -0.95 0.53 1.00 -0.77
Os189 -0.47 0.31 -0.02 -0.99 -0.82 0.86 0.28 0.12 -0.63 0.69 0.69 0.43 -0.04 -0.58 0.96 -1.00 0.52 1.00 0.73
Pb208 -0.53 0.55 0.48 0.39 0.81 0.77 0.49 0.86 0.60 0.17 0.13 0.31 0.89 0.57 0.76 0.13 0.29 -0.77 0.73 1.00
Table 3.10: Correlation matrix between trace element abundances in Patos de Minas.
The index near the element name indicates the channel selected during LA-ICP-MS
analysis, i.e. correlation have been calculated between elemental abundances not
isotope abundances.
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Na23 Mg24 P31 Ca43 Ti47 V51 Cr53 Mn55 Fe57 Co59 Ni60 Ni62 Cu63 Zn66 Ga69 Se82 Mo95
Na23 1.00 0.87 -0.384 0.137 -0.184 -0.02 -0.099 -0.189 0.001 -0.491 -0.122 -0.127 -0.105 0.471 -0.327 -0.024 0.173
Mg24 0.87 1 -0.456 0.039 -0.409 0.282 0.012 -0.105 -0.107 -0.472 -0.095 -0.098 -0.199 0.338 -0.75 0.073 0.097
P31 -0.384 -0.456 1 0.314 0.116 0.079 0.17 0.051 -0.047 0.499 0.383 0.37 -0.29 -0.057 0.751 -0.276 0.24
Ca43 0.137 0.039 0.314 1 0.331 0.215 0.247 0.32 0.304 0.054 -0.057 -0.05 -0.076 0.32 0.362 0.009 0.1
Ti47 -0.184 -0.409 0.116 0.331 1 -0.092 0.006 0.332 0.25 0.081 0.064 0.074 0.172 0.383 0.626 0.091 -0.206
V51 -0.02 0.282 0.079 0.215 -0.092 1 0.911 0.462 0.32 0.183 -0.261 -0.26 -0.181 -0.004 0.187 0.443 -0.201
Cr53 -0.099 0.012 0.17 0.247 0.006 0.911 1 0.335 0.268 0.347 -0.22 -0.219 -0.157 0.06 0.12 -0.17 -0.123
Mn55 -0.189 -0.105 0.051 0.32 0.332 0.462 0.335 1 0.347 -0.035 -0.25 -0.239 -0.098 0.309 0.716 0.191 -0.436
Fe57 0.001 -0.107 -0.047 0.304 0.25 0.32 0.268 0.347 1 0.019 -0.824 -0.825 0.183 0.147 0.408 0.189 -0.294
Co59 -0.491 -0.472 0.499 0.054 0.081 0.183 0.347 -0.035 0.019 1 0.119 0.118 0.112 -0.333 -0.214 -0.235 0.068
Ni60 -0.122 -0.095 0.383 -0.057 0.064 -0.261 -0.22 -0.25 -0.824 0.119 1 0.999 -0.212 -0.021 -0.413 -0.059 0.234
Ni62 -0.127 -0.098 0.37 -0.05 0.074 -0.26 -0.219 -0.239 -0.825 0.118 0.999 1 -0.205 -0.019 -0.411 -0.057 0.22
Cu63 -0.105 -0.199 -0.29 -0.076 0.172 -0.181 -0.157 -0.098 0.183 0.112 -0.212 -0.205 1 -0.182 -0.158 0.621 -0.112
Zn66 0.471 0.338 -0.057 0.32 0.383 -0.004 0.06 0.309 0.147 -0.333 -0.021 -0.019 -0.182 1 0.447 -0.388 -0.174
Ga69 -0.327 -0.75 0.751 0.362 0.626 0.187 0.12 0.716 0.408 -0.214 -0.413 -0.411 -0.158 0.447 1 -0.407
Se82 -0.024 0.073 -0.276 0.009 0.091 0.443 -0.17 0.191 0.189 -0.235 -0.059 -0.057 0.621 -0.388 1 -0.119
Mo95 0.173 0.097 0.24 0.1 -0.206 -0.201 -0.123 -0.436 -0.294 0.068 0.234 0.22 -0.112 -0.174 -0.407 -0.119 1
Table 3.11: Correlation matrix between trace element abundances in Dronino. The
index near the element name indicates the channel selected during LA-ICP-MS
analysis, i.e. correlation have been calculated between elemental abundances not
isotope abundances.
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3.5 Conclusion
In chondrites, weathering is controlled by porosity. Iron meteorites have no primary
porosity, therefore the permeability is controlled by fracturing. Alteration occurs
primarily along fractures and phase boundaries. The fractures can be pre-existing,
caused by shock or thermal fatigue, on the parent-body, in space or in Earth’s atmo-
sphere/on landing. Iron meteorites have a greater strength than stony meteorites
so there is less fragmentation of the meteorite upon entering the Earth’s atmo-
sphere and larger masses are generally recovered. Fracturing is also influenced by
mineralogy, particularly schreibersite inclusions that are brittle Buchwald (1977).
Enlargement of fractures by weathering products that have a larger volume than
reactants is also possible.
Alteration of sulfide nodules causes a depletion in Fe (up to 90 wt%), a small
depletion in S (up to 9 wt%, which might lead to some production of sulfuric acid)
and an enrichment in Ni and Co relative to the initial concentration in the troilite
(FeS) and the metal. Trace element abundances do not correlate with Ni and Co
content, they are not significantly aﬀected by terrestrial alteration except in one of
the samples, Nantan. As a matter of precaution only the Ni and Co poor pristine
troilite measurements will be used for calculating the bulk volatile depletion patterns
in Chapter 4.
Sulfide weathering products rich in Ni and Co are pentlandite ((Fe,Ni)9S8) and
heazlewoodite (Ni3S2). Pentlandite forms a solid solution that can accommodate
several wt% of Co. The sulfide nodules develop a weathering rim with a zoned com-
position, the Ni and Co rich inner layer contains troilite-pentlandite assemblages
and the Ni-rich outer layer has pentlandite-heazlewoodite assemblages. The com-
position of those phases is similar to what is found in hydrothermal ores on Earth
with low equilibration temperatures and low sulfur and oxygen fugacity.
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Chapter 4
Volatile Depletion and Implications
for Solar Nebula Settings
The single most important element in controlling the structure and chem-
istry of the growing solid in the core is S.
Chabot and Haack (2004)
This chapter is concerned with measuring the trace element abundances in metal-
lic and sulfide phases of iron-meteorites. This is put in context with the mineralogy
and a bulk volatile depletion pattern is calculated. A strong correlation is found be-
tween the bulk selenium and bulk sulfur contents across the stony and iron meteorite
groups.
4.1 Introduction
The aim of this chapter is to produce representative and reliable estimates of the
composition of the diﬀerent groups of iron meteorites, and therefore of the iron
meteorites parent-bodies, in siderophile and chalcophile elements. This is useful
for understanding the solar nebula setting during the formation of the iron mete-
orite parent-bodies. The dataset obtained is compared with the bulk composition of
carbonaceous, ordinary and enstatite chondrites from Larimer1967 and citerefWas-
son1988bis.
93
94 Volatile Depletion and Implications for Solar Nebula Settings
Rocky solar system objects (planets, asteroids) show depletion of volatile ele-
ments relative to the solar system composition represented by CI chondrites. This
depletion has been explained by diﬀerent theories (see paragraph below) but more
importantly diﬀerent group of meteorites show diﬀerent levels of depletion. The
hypothesis to be tested is the following: if a forming solar system of spatially het-
erogeneous composition is considered, the locus of formation of planetesimals and
asteroids will influence their bulk composition.
The iron meteorite parent-bodies formed early in the Solar System history. As
discussed in Goldstein et al. (2009), they probably benefited from the energy of
the short-lived nuclides like Al26 to diﬀerentiate, similarly to the rocky planets,
and datation of core formation give old ages of less than 1 Myr after CAIs. This
sets them apart from the chondrites parent-bodies which have conserved a primitive
texture of matrix and chondrules and have ages of 2-5 Myr after CAIs. It is therefore
possible that the iron meteorite parent-bodies formed in the rocky planets region
and not the asteroid belt like it is thought for the chondrite parent-bodies. This is
also in agreement with dynamical models of the Early Solar System Bottke et al.
(2006). If this is the case, the iron meteorites could also be a good proxy for the
composition of the bulk Earth and other rocky planets, whereas sampling of the
metallic core of those planets is not possible.
Published bulk trace element concentrations for the meteorites studied by solution-
ICP-MS are shown in Table 4.1. The elements have been classed by increasing order
of volatility using the volatility sequence given by the 50% condensation tempera-
ture for a solar-system composition gas of Lodders (2003). The most refractory
element is rhenium with a 50% TC of 1821 K and the most volatile measured in
the metal is germanium with a 50% TC of 883 K. Phosphorus and sulfur contents
estimates for the meteorites studied are published values from point counting on
meteorite sections from Buchwald (1975) and modal integration on photographs of
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sections by Wasson (1999), Wasson and Kallemeyn (2002) and Wasson et al. (2007).
Due to the very low solubility of sulfur in the Fe-Ni metal (Esbensen and Buchwald,
1982), the bulk sulfur content is given by the proportion of sulfide if the total area of
sections studied is representative of the meteorite. The average bulk trace elements
composition for each group is plotted in Figure 4.45, the elements are organised
by increasing order of volatility from left to right and the elemental abundances,
abundances relative to CI chondrites and abundances relative to CI chondrites and
normalized to nickel are given respectively in the top, middle and bottom of Fig-
ure 4.45. The compositions are relatively similar from rhenium to antimony, except
for a depletion in iridium in the pallasites. However the average abundances of gal-
lium, germanium and sulfur vary between groups. On the bottom plot, the dashed
line at 1 represents the CI chondrites composition. The IAB, IC and IIAB plot
along the CI chondrite line. The IIIAB and pallasites plot below the CI chondrite
line and the IVA even lower. The more volatile the element the greater the observed
depletion relative to CI chondrites.
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Figure 4.1: Group-averaged bulk elemental abundances from the literature in iron
meteorites. Top: elemental abundances in ppm, elements are in order of increas-
ing volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration. Literature sources are given in
Table 4.1.
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Group Meteorite Collection Reference Notes Chapter 3 Chapter 5
IAB-sLL Balfour Downs Copenhagen GM2012.13 Acid etched
IAB Nantan NHM P17524
Terrestrial
weathering
IAB-complex Patos de Minas (oct.) NHM P17535
Terrestrial
weathering
IAB Toluca NHM P17762
No sulfide in thick section. Polished
sulfide fragments from Toluca IC
studied in the SEM
IC Mount Dooling No sulfide in thick section
IIAB Bingera Copenhagen GM2012.12 Acid etched Shock-melted
Braunau Copenhagen GM2012.14 Acid etched Shock-melted
Indian Valley NHM BM
No trace elements data (section too
large to fit in LA-ICP-MS)
Shock-melted
IIIAB Cape York Copenhagen GM2012.16 Acid etched
Cape York Agpalilik NHM BM2005M57
From Paneth collection.
Orientation axes relative to original
mass given.
Carthage NHM BM2005M79 From Paneth collection
Artificial
reheating
Chulafinnee Copenhagen GM2012.15 Acid etched Shock-melted
IVA Gibeon NHM Two sections Shock-melted
IVA-An Steinbach NHM
Contains silicates. No trace
elements data (section too large to
fit in LA-ICP-MS)
Ungrouped Cambria Copenhagen GM2012.11 Acid etched
Dronino NHM P17525 Three sections.
Terrestrial
weathering
Mbosi NHM P17999
Table 4.2: Meteorite thick sections studied in this chapter. The reference is the
meteorite or thick section entry number in the museum’s collection. Acronym: NHM
– National History Museum, London.
4.2 Samples and Methods
Forty-five meteorites have been analysed for trace elements content in sulfide and/or
metal; 3 ordinary chondrites, 3 pallasites and 39 iron meteorites. Metal and sulfide
in thick sections has been analysed in-situ with LA-ICP-MS and separated frag-
ments of sulfide have been dissolved in ultrapure nitric and hydrochloric acids for
Solution-ICP-MS analysis. The samples analyzed by LA-ICP-MS are mounted into
thick section, their mineralogy and texture is described in subsection 4.3.1. The
samples analyzed with solution-ICP-MS are small fragments instead of a meteorite
thick section; a detailed mineralogical and compositional study of the samples is
therefore not possible. Samples are very small (a few grams) and some fragmented
so it is problematic to manipulate them and introduce them in a vacuum chamber.
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However in the case of Uruac¸u (Ungrouped), Augustinovka (IIIAB) and Brenham
(Pallasite) enough material was present to give a mineralogical description from the
polished thick section. More details are given about the techniques used in Chap-
ter 2. Table 4.2 details the oﬃcial name and provenance in meteorite collections
of the thick sections studied by LA-ICP-MS. Table 4.3 gives the names, reference
number used in the study and provenance of sulfide analysed by solution-ICP-MS.
Samples with silicates have also been dissolved with fluoric acid and samples con-
taining chromites centrifugated and the supernatant devoid of chromites has been
pipetted out and analysed.
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Group Name Reference Museum
Centrifugation
(graphite and/or
chromite)
HF used (silicates)
IAB Bogou 25 SNMNH +
Campo del Cielo 12 SNMNH +++ +
Mertzon 7 SNMNH
Mundrabilla 32 WAM
Mundrabilla 4 SNMNH
Pitts 22 SNMNH
Toluca 36 IC +
Uruac¸u 33 +
Waterville 8 SNMNH +++
IIAB Derrick Peak A78009 14 SNMNH
Derrick Peak A78009 21 FM
Patos de Minas (hex.) 9 SNMNH
IIIAB Acun˜a 19 NMW
Augustinovka 31 MNHN +
Avoca (WA) WA127493 WAM
Cape York CYT1, CYT2 NHM
Carthage BM79 NHM +
Djebel in Azzenne 13 SNMNH
Grant 27 SNMNH
Sacramento Mountains 17 AMNH
Thule 11 SNMNH
Tieraco Creek 15 SNMNH +
Trenton 20 SNMNH
Wonnyulgunna 16 SNMNH
Youanmi WA13487.1 WAM +
IVA Duchesne 24 SNMNH +
Sa˜o Joa˜o Nepomuceno 5 SNMNH +
Pallasite Brenham 34
Pallasovka 35 +
Table 4.3: Meteorites sulfide fragments used for solution-ICP-MS. Acronyms:
AMNH – American Museum of Natural History; FM – Field Museum; IC – Im-
perial College, London; MNHN – Muse´um National d’Histoire Naturelle; NMW
– Naturhistorisches Museum Wien; SNMNH – Smithsonian National Museum of
Natural History; WAM – Western Australia Museum.
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4.3 Results
The mineralogy of Carthage, Dronino, Nantan, Patos de Minas and Uruac¸u is given
in Chapter 3 because those meteorites show extended terrestrial weathering. Only
selected chemical analysis that are devoid of terrestrial contamination from weath-
ering are used in this chapter. The thick sections of Bingera, Braunau, Chulafinnee,
Gibeon and Indian Valley are treated in Chapter 5 due to shock melting of the
sulfide nodules. The composition of the metal phase is not aﬀected by the shock-
melting, it is therefore plotted with the others on Figures 4.25 to 4.27a but in the
interest of clarity and to avoid repetitions compositional data for the metal is given
in Chapter 5 along with samples description for the shock-melted meteorites. Rare
metal-sulfide composite nodules are also observed in Balfour Downs, Cape York and
Dronino. They could be the result of low-level shock. The mineralogy and texture
of those composite nodules are described in this chapter for Balfour Downs and
Cape York and Chapter 3 for Dronino due to the presence of pervasive terrestrial
weathering.
4.3.1 Mineralogy and petrology
In the meteorites studied the sulfide is in the form of troilite, daubre´elite and/or
sphalerite, often associated with other accessory minerals. Daubre´elite is most com-
mon in IIAB meteorites. Sphalerite occurs as rare small inclusions in Balfour Downs
(IAB-sLL) and Mbosi (Ungrouped). Other accessory minerals observed in this
chapter are schreibersite (both anhedral rounded grains and euhedral rhabdites),
chromite (always euhedral here), phosphate in Augustinovka IIIAB, graphite in the
IAB Toluca. The pallasites also contain olivines. The meteorites are presented by
group and alphabetical order below.
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Non-magmatic irons
Balfour Downs, IAB
Figure 4.2: SEM X-ray composite map of Balfour Downs. Iron is shown in green,
phosphorus in orange, chromium in red, sulfur in yellow, nickel in purple, oxygen in
white. T.: troilite, Sph.: sphalerite, Sch.: schreibersite, Pless.: plessite. The black
square is shown at higher magnification in Figure 4.3.
The thick section of Balfour Downs in Figure 4.2 shows on the right several
millimetre-wide kamacite plates surrounded by plessite fields, and indeed Buchwald
(1975) classes Balfour Downs as a coarse octahedrite. The plessite fields are inter-
spaced with elongated curvilinear schreibersite inclusions. There is also a chromite-
sphalerite-metal inclusion in the top right corner, a close up of which is shown in
Figure 4.3. The sphalerite-metal mixture is included in the subhedral chromite and
suggests that the chromite nucleated on the sulfide. The presence of micrometre
scale grains of metal could be due to a late stage exsolution upon cooling of the
meteorite or shock-melting. The external boundary of the sphalerite-metal is ser-
rated suggesting that shock-melting is likely (Buchwald, 1975). On the left side of
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Figure 4.3: Reflected light microscope of subhedral chromite grain with sphalerite-
metal embayment in Balfour Downs.
the section, the silicate-sulfide-phosphide inclusions are surrounded by an aureole of
swathing kamacite. These inclusions are shown in reflected light microscope images
in Figure 4.4. The troilite is monominerallic towards the center of the inclusions
and surrounded by a blocky rim of schreibersite at the bottom and a micrometre
scale metal-troilite mixture on the left. The two sides of the section (Figure 4.2)
are separated by a curvilinear N-S fracture filled with iron oxides (white) showing
local Ni enrichments (purple). This fracture links plessite fields and partially de-
stroyed schreibersite inclusions. The brittle and often heavily fractured character of
schreibersite makes it an ideal point for fracture propagation. A 100-500 µm wide
rim of oxidation from weathering is also present along the border of the sample at
the bottom.
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Figure 4.4: Top: reflected light microscope image of troilite-schreibersite-silicate
inclusion in Balfour Downs. The black square is shown at higher magnification in
the lower image. Bottom: close-up of symplectitic troilite.
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Toluca, IAB
Figure 4.5: SEM X-ray composite map of Toluca. Iron is shown in green, nickel in
purple, phosphorus in orange and oxygen in white. Sch.: schreibersite.
A flattened mass, almost delta wing shaped, weighing several kilograms was
brought at the Natural History Museum for identification. The provenance (Central
America) and composition were matched to those of Toluca. The mass showed reg-
maglypts on the surface. A small end-piece was cut using a hand saw with a tungsten
carbide coated blade and prepared as a thick section. The thick section contains
Fe-Ni metal and anhedral elongated fractured schreibersite inclusions (Figure 4.5).
The schreibersite inclusions are joined by grain boundaries or metal dislocations in
the top right of the section (Figure 4.6). There are also numerous rhabdites ac-
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cross the section. The oxygen map distribution shows that weathering is limited to
fracture filling notably associated with the schreibersite and the edge of the section.
This section does not contain sulfide. Fragments of sulfide from other sources have
been dissolved for solution-ICP-MS.
Figure 4.6: Metal dislocation joining two elongated anhedral schreibersite inclusions
in Toluca.
Fragments of Toluca sulfide nodules from the Imperial College London collection
used in analysis by Mark Rehkamper and co-authors from the MAGIC Labora-
tory were analysed under the SEM. The samples analysed are uncoated fragments
mechanically separated from a deep-etched polished slab. This was done hitting
the slab placed into a laboratory plastic bag with a hammer. The fragments were
placed horizontally into a bed of aluminium foil and analysed uncoated in a high
vacuum in the SEM. The samples are metallic so the surface is conducive of the
beam even without carbon coating, some charging was however observed in the
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silicate inclusions. One fragment of the nodule showed brecciated angled troilite
fragments within a graphite matrix (Figure 4.7 top). Another has elongate rounded
bodies of graphite reminiscent of plumes within the troilite (Figure 4.7 bottom).
The rheology of graphite here is of a liquid and probably due to deformation under
pressure. Due to the high volatility of graphite, this deformation had to occur un-
der low temperature conditions. Graphite here shows an analogous role to salt in
terrestrial structural geology at macroscopic scales. Indeed salt is observed forming
domes across sedimentary layers on basins seismic profiles. It also accommodates
sliding and shearing eﬃciently and when present generally marks the decollement
level in regional thrust faults. The low abundance of graphite would be the limiting
factor for shock/shearing accommodation on the IAB parent-body but the textures
observed at the micrometre scale between graphite and troilite are surprisingly sim-
ilar to those observed between salt and sedimentary rocks in the terrestrial setting.
Silicates and a phosphate inclusion were also observed associated with the troilite
fragments. A sample containing only troilite and graphite was selected for solution-
ICP-MS analysis, because the graphite does not dissolve in aqua regia the results
eﬀectively provide the composition of the troilite.
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Figure 4.7: Graphite in troilite nodules of Toluca showing, top: brecciation of the
troilite in graphite matrix; and bottom: elongate rounded bodies of ductile graphite
reminiscent of plumes in the troilite.
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Magmatic irons
Augustinovka, IIIAB
Figure 4.8: Photograph of etched polished sawn section of Augustinovka in the
MNHN collection. Fragment right of the black line was allocated for this project.
The sample of Augustinovka selected for this study is a sawn fragment from
the deep etched polished sawn section from the Museum d’Histoire Naturelle de
Paris (Figure 4.8). The monominerallic troilite nodule is surrounded by an incom-
plete schreibersite rim. The metal displays a subcentimetre Widmansta¨tten pattern.
Augustinovka is a medium octahedrite of bandwith 0.80 ± 0.15 mm according to
Buchwald. Furthermore, several anhedral rounded grains of schreibersite are seen in
the section on Figure 4.8, one connecting to the schreibersite rim through a fracture.
A small amount of terrestrial corrosion is shown in the fractures at the left of the
section. No swathing kamacite is observed arround the nodule, the Widmansta¨tten
pattern is adjacent to the nodule rim.
Figure 4.9 is an XR-F analysis of the sample, performed with Bru¨cker Instru-
ments during a demo at the 74th Annual Meteoritical Society Meeting in London
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(2011). The top image shows the sample in the vacuum chamber, on a bed of silica
beads. The chamber was pumped out to establish a vacuum. The sample is the
raw unprepared uncoated polished meteorite fragment. Element mapping for Ni
reveals the Widmansta¨tten pattern in the metal and large concentration of Ni in
the schreibersite rim as expected, The sulfide nodule rich in S appears in yellow.
Moreover, P maps shows the presence of a phosphate inclusion in the rim, this phos-
phate contains manganese as seen on the Mn map at the bottom of Figure 4.9. This
phosphate appears as a dark grey inclusion in the top photograph of Figure 4.9.
Similar inclusions have been described by Buchwald (1975).
A smaller fragment of brittle sulfide from this sample has been separated me-
chanically using a small guillotine and analysed by solution-ICP-MS, results are
presented in the trace elements section below.
Cape York, IIIAB
Two samples of Cape York have been studied here, one was sawn oﬀ a piece of
Agpalilik numbered 2 from the Paneth collection at the Natural History Museum;
the other was a thick section from Copenhagen.
The section from Copenhagen is deep etched showing comb and net plessite and
a pitted troilite nodule (Figure 4.13).
The Agpalilik piece was cut from material showing the x, y and z axis of the
oriented mass of Agpalilik (Figures B.1 and 4.10). As noted by Buchwald (1975) we
see that nodules in Agpalilik are pear shaped, aligned along a preferential orientation
and contain chromite at the bottom and phosphate at the top. This piece has
been cut parallel to the (x,y)-plan and orthogonally to z. The nodule is showing
elongation along y with a larger end at the left of Figure 4.10. There is also widening
along z when going deeper into the sample. The sawn fragment is shown by the blue
box on Figure 4.10. It is composed of Fe-Ni metal and troilite and includes material
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Figure 4.9: XRF analysis of the Augustinovka sample. Top: photograph of the sam-
ple in the vacuum chamber. Note, the sample is positioned in glass marbles. Middle:
composite element map showing the distribution of sulfur, nickel and phosphorus.
Bottom: map showing the distribution of the manganese.
distributed along y. The sample does not contain chromite or phosphate in the
troilite nodule, however a 100µm euhedral chromite inclusion is present in the metal
next to a smaller troilite nodule (Figure 4.11). The millimetre-sized nodule is partly
a composite nodule and contains micrometre sized metal grains on the edge. Those
metal grains vary in composition, most are Ni-poor kamacite but there are also
some Ni-rich metal (possibly taenite or tetrataenite). The grains are needle shaped
in contrast with the rounded blebs of metal, sulfide and sometimes phosphides found
in shock-melted nodules. Textural evidence points toward a symplectic origin for
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Figure 4.10: Cape York Agpalilik fragment and its orientation within the main mass.
The blue box corresponds to the sample studied.
this composite nodule, perhaps the edge of this troilite nodule has decomposed due
to the decrease of solubility of Fe and Ni in troilite upon cooling of the meteorite.
A fractured anhedral rounded grain of schreibersite is also present in Figure 4.11,
partly transforming as a nodule rim at the top of the picture. A plessite field with
what appears to be a cloudy taenite rim aproximately 10µm wide is shown at the
bottom of the picture. Neumann lines are visible in the kamacite at the right
of the picture. The centimetre-sized troilite nodule is bordered by Ni-rich metal
(Figure 4.30) as described by Buchwald (1975) and Koeberl et al. (1986). This
Ni-rich metal is also present within the troilite as highly serrated flakes on the
edge (Figure 4.30) and within the nodule (Figures 2.2 and 4.12). SEM X-ray maps
of the troilite also show Mn-rich and Ni-rich micro-inclusion (Figure 2.3), perhaps
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of alabandite and Ni-rich metal. Alabandite has been described in Cape York by
Kracher et al. (1977).
Figure 4.11: BSE SEM image of Cape York with euhedral chromite, partly-
symplectic troilite nodule, anhedral rounded grain of schreibersite and plessite field.
Figure 4.12: Reflected light microscope image of flaky nickel-rich metal inclusion in
troilite nodule in Cape York.
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Figure 4.13: Reflected light microscope images of Cape York Copenhagen. Top:
pitted (deep-etched) troilite nodule. Bottom: comb plessite.
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Ungrouped irons
Cambria, Ungrouped
Figure 4.14: SEM X-ray composite map of Cambria. Iron is shown in green, phos-
phorus in orange, chromium in red, sulfur in yellow, nickel in purple, oxygen in
white. Sch.: schreibersite, Kam.: kamacite, Pless.: plessite. The black squares A
and B are shown with higher magnification respectively in Figure 4.15 and 4.16.
The thick section of Cambria analysed here shows a fine subcentimetre sized
Widmanstatten pattern and Buchwald (1975) classifies Cambria as a fine octahedrite
with a 0.48 ± 0.10mm kamacite bandwith. The left of the section contains a cen-
timetre sized monocrystalline troilite nodule, see Figure 4.14. The troilite nodule is
surrounded by an incomplete schreibersite rim, also visible in Figure 4.15. There is
a further blocky schreibersite inclusion at the far left of the section that is shown
on Figure 4.16. Because this inclusion is on the edge of the section it is not clear
whether it is a part of the nodule rim or if it was orginally completely surrounded
by troilite. The blocky habit is in contrast with the digitated wavy schreibersite
rim. A further rim of swathing kamacite surrounds the nodule and it’s schreibersite
rim. Schreibersite is also common in the middle of kamacite plates in the metal.
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The pitted aspect of the troilite is due to the deep-etching of the section to reveal
kamacite plates and plessite fields.
Figure 4.15: Reflected microscope image of finger-like schreibersite rim around
troilite nodule in Cambria.
Figure 4.16: Reflected microscope image of schreibersite inclusion in troilite in Cam-
bria.
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Mbosi, Ungrouped
Figure 4.17: SEM X-ray composite map of Mbosi. The black square is shown at
higher magnification in Fig. 4.18. Iron is shown in green, phosphorus in orange,
chromium in red, sulfur in yellow, nickel in purple, oxygen in white.
The Mbosi sample was brought to the Natural History Museum for identification.
Its provenance (Tanzania) and composition were matched to that of Mbosi. The
outside of the meteorite had been gold plated. An end-piece fragment was sawn oﬀ
for analysis, it is shown in Figure 4.17. The sample is dominated by kamacite with
abundant anhedral elongated grains of schreibersite, possibly delimiting the edges
of parent taenite crystals at the top and right of the section. A small amount of
corrosion is present in the fusion crust along the edges of the sample. It appears as
a greyish white as the oxygen map layer has been attributed to white. Of particular
interest is an inclusion of about 100 µm-wide outline in the black frame at the
right of the section on Figure 4.17. A close up is provided in Figure 4.18 which
shows an euhedral chromite embayed into a sphalerite nodule. The sphalerite has
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a thin discontinuous schreibersite rim. Compositional data for the sphalerite are
given in Table 4.8. However, unfortunately this sphalerite grain cannot be used as
a cosmobarometer as it is not in equilibrium with troilite which is not represented
in the section. Figure 4.19 shows ubiquitous small rhabdites and a Reichenbach
lamella, surrounded by limonite near the edge of the section.
Figure 4.18: Reflected light microscope image of sphalerite-chromite-schreibersite
inclusion in Mbosi.
Figure 4.19: Reflected light microscope images of rhabdite inclusions in Mbosi with
metal corrosion on the right sides of both images.
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Pallasite
Brenham, Pallasite
The sample of Brenham studied here contains Fe-Ni metal, sulfide and silicates
(olivine). The sulfide is dristributed within the silicates and at the interface between
metal and silicates. A similar distribution of sulfide is observed in Steinbach (IVA-
An).
Figure 4.20: Photograph of Brenham sample. Image courtesy of Wayne Harrigan.
Small fragments of brittle sulfide from this sample have been separated mechani-
cally using a small guillotine and analysed by solution-ICP-MS, results are presented
in the trace elements section below.
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Ordinary chondrites
Ogi, Butsura and Mezo¨-Madaras were chosen because there are falls and show there-
fore very limited terrestrial weathering. Although Ogi and Butsura are equilibrated
ordinary chondrites, the metal is not equilibrated and shows variations in composi-
tion. Mezo¨-Madaras is a L3.6 but it is also a breccia containing more equilibrated
material. Again this is not a problem in this study as the metal is not equilibrated
in these ordinary chondrites. However, since the metal grain size increases with
petrologic type, metal of ordinary chondrites from higher petrologic type are easier
to measure with LA-ICP-MS.
The three ordinary chondrites show grains of Fe-Ni metal, troilite and chromite in
a silicate Si-Al-Mg matrix (Figure 4.21 to 4.24). Some rare submillimetre chondrules
are still visible in Ogi and Butsura. A large, 4mm long porphyritic chondrule and
a similar size barred olivine chondrule are visible respectively at the bottom and
top of the composite map of Mezo¨-Madaras (Figure 4.24). The section of Ogi (H6)
contains a grain of the Ti-rich silicate Ilmenite. Butsura has silicon carbide grains
at the edge of the section, those are very likely grains of polishing material that have
been embedded in the epoxy when the section was made.
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Figure 4.21: SEM X-ray composite map of Ogi (H6). Cr: pink, S: yellow, Ni-rich
metal:white, Ni-poor metal: dark grey, Ca-Al-Mg: blue to green.
Figure 4.22: SEM X-ray composite map of Butsura (H6). Same colour scheme as
Figure 4.21.
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Figure 4.23: Reflected microscope image of Butsura. Image is 13 mm wide.
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Figure 4.24: SEM X-ray composite map of Mezo¨-Madaras (L3.7). Same colour
scheme as Figure 4.21.
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4.3.2 Major and minor element composition
Fifteen meteorite thick sections were analysed in-situ by EPMA for major and mi-
nor elements compositions: four IAB, one IC, three IIIAB, one IVA-An, three Un-
grouped and three ordinary chondrites. The average concentrations are given below.
The results presented here have been subdivided by mineral phase. The Fe-Ni metal
contains kamacite and plessite, the accessory minerals are:
- troilite, daubre´elite and sphalerite for the sulfides,
- schreibersite and rhabdite for the phosphides,
- chromite and silicates for the oxides,
- Ni-rich metal associated with troilite in Cape York.
Fe-Ni metal
Average measured nickel contents for the kamacite ranges up to 7.45± 0.16 wt% in
Steinbach (Table 4.4). This is very close to the maximum nickel content of 7.5 wt%
predicted by the solid state Fe-Ni phase diagram (Yang et al., 1997). Dronino is a
martensitic ataxite so the value given is not strictly kamacite, hence the larger aver-
age nickel content of 9.74±0.13 wt%. Standard deviations from the average are also
shown in Table 4.4 and represent natural variation in kamacite composition. They
are relatively small, up to 1.08wt%forFeinCapeY orkandCambria, respectively0.10
wt% and 0.05wt%forCoinOgiandCapeY ork,0.89 wt% for Ni in Cambria. Dronino
has the largest standard deviations with 2.88wt%forFeand2.68 wt% for Ni in Dronino,
but as explained above it is not strictly kamacite that is measured here.
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Group Meteorite Number Average Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IAB Balfour Downs 32 94.15± 0.38 0.56± 0.02 6.11± 0.10 100.89
Nantan 2 94.22± 0.45 0.55± 0.04 6.62± 0.11 101.51
Patos de Minas 4 90.38± 0.79 0.59± 0.04 6.41± 0.11 97.61
Toluca 75 93.27± 1.34 0.46± 0.04 6.20± 0.10 99.94
IC Mount Dooling 64 93.29± 1.53 0.47± 0.03 6.17± 0.17 100.12
IIIAB Cape York 28 91.99± 1.04 0.59± 0.03 6.72± 0.09 99.39
Cape York Copenhagen 36 93.53± 1.76 0.55± 0.02 6.98± 0.16 101.11
IIAB Carthage 35 92.18± 1.04 0.58± 0.03 6.61± 0.09 99.41
IVA-An Steinbach 10 93.01± 1.75 0.47± 0.02 7.45± 0.16 101.00
Ungrouped Cambria 53 93.84± 0.37 0.65± 0.02 6.44± 0.11 101.01
Dronino (ataxite) 59 90.39± 0.63 0.62± 0.03 9.74± 0.13 100.84
Mbosi 89 94.14± 0.38 0.48± 0.02 6.06± 0.10 100.73
H6 Butsura 133 94.27± 0.90 0.60± 0.04 6.41± 0.09 101.34
Ogi 27 94.23± 0.65 0.54± 0.04 6.09± 0.09 100.87
L3.7 Mezo¨-Madaras 87 93.41± 0.51 0.93± 0.04 5.03± 0.09 99.49
Group Meteorite Number Standard deviation Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IAB Balfour Downs 32 1.22± 0.01 0.04± 0.00 0.94± 0.01 0.52
Nantan 2 0.21± 0.00 0.04± 0.00 0.10± 0.00 0.36
Patos de Minas 4 0.91± 0.01 0.01± 0.00 0.19± 0.01 0.96
Toluca 75 0.76± 0.01 0.03± 0.00 0.42± 0.01 0.70
IC Mount Dooling 64 0.72± 0.01 0.02± 0.00 0.31± 0.00 0.63
IIIAB Cape York 28 1.08± 0.01 0.05± 0.00 0.66± 0.00 0.91
Cape York Copenhagen 36 0.96± 0.01 0.02± 0.00 0.31± 0.00 0.91
IIAB Carthage 35 0.94± 0.01 0.03± 0.00 0.38± 0.00 0.80
IVA-An Steinbach 10 0.59± 0.01 0.02± 0.00 0.69± 0.01 0.80
Ungrouped Cambria 53 1.08± 0.00 0.04± 0.00 0.89± 0.01 0.51
Dronino (ataxite) 59 2.88± 0.20 0.05± 0.01 2.68± 0.02 0.80
Mbosi 89 0.60± 0.00 0.03± 0.00 0.56± 0.01 0.53
H6 Butsura 133 0.49± 0.00 0.02± 0.00 0.34± 0.00 0.51
Ogi 27 0.49± 0.19 0.10± 0.00 0.54± 0.01 0.38
L3.7 Mezo¨-Madaras 87 0.90± 0.01 0.03± 0.00 0.74± 0.01 0.49
Table 4.4: Averages (top) and standard deviations (bottom) of selected EPMA
analyses compositions for the kamacite of iron meteorites studied. Elements Mg,
Al, Si, P, S, Cr, Mn, Cu, Zn, Ca, Ti, As, V and Ge are below detection limits
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Plessite and taenite are not visible in the thick sections of Nantan, Patos de
Minas, Mount Dooling and Dronino (ataxite). Average nickel contents of about 30
wt% have been measured for taenite in the ordinary chondrites Ogi (H6), Butsura
(H6) and Mezo¨-Madaras (L3.7), Co content averages 0.23± 0.03 wt% in the H6 and
0.47± 0.04 wt% in the L chondrite Mezo¨-Madaras. Average Ni plessite composition
in the iron meteorites varies from 16.55±0.14 wt% in Cape York to 30.17±0.26 wt%
in Toluca (Table 4.5). As expected, standard deviations representing natural compo-
sitional variations are larger in plessite than kamacite, this is in agreement with the
zoned aspect of plessite under the SEM. The maximum variation of 7.11±0.04 wt%
in nickel is accounted for in Mezo¨-Madaras versus about 2-3 wt% in the H6s, perhaps
because Mezo¨-Madaras represents more primitive material.
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Group Meteorite Number Average Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IAB Balfour Downs 8 79.75± 0.34 0.23± 0.02 20.36± 0.20 100.36
Toluca 12 69.33± 1.06 0.12± 0.02 30.17± 0.26 99.62
IIIAB Cape York 12 82.22± 0.96 0.38± 0.03 16.55± 0.14 99.16
Cape York Copenhagen 22 80.06± 1.56 0.34± 0.02 20.10± 0.28 100.50
Carthage 4 76.62± 0.92 0.30± 0.03 21.84± 0.17 98.80
IVA-An Steinbach 1 72.75± 1.45 0.23± 0.02 26.59± 0.33 99.70
Ungrouped Cambria 13 71.89± 0.32 0.24± 0.02 27.96± 0.25 100.11
Mbosi 16 70.70± 0.32 0.13± 0.01 29.17± 0.25 100.00
H6 Butsura 12 68.98± 0.68 0.22± 0.03 31.01± 0.24 100.52
Ogi 5 68.87± 0.56 0.24± 0.03 31.60± 0.25 100.87
L3.7 Mezo¨-Madaras 2 72.04± 0.42 0.47± 0.04 27.43± 0.23 100.19
Group Meteorite Number Standard deviation Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IAB Balfour Downs 8 2.75± 0.01 0.03± 0.00 2.83± 0.02 0.31
Toluca 12 2.07± 0.02 0.01± 0.00 2.01± 0.01 0.45
IIIAB Cape York 12 2.48± 0.02 0.04± 0.00 2.51± 0.01 0.63
Cape York Copenhagen 22 5.00± 0.08 0.09± 0.00 4.52± 0.04 1.20
Carthage 4 0.74± 0.01 0.04± 0.00 1.40± 0.01 0.87
IVA-An Steinbach 1
Ungrouped Cambria 13 2.55± 0.01 0.05± 0.00 2.48± 0.02 0.42
Mbosi 16 3.47± 0.01 0.02± 0.00 3.48± 0.02 0.31
H6 Butsura 12 2.89± 0.03 0.02± 0.00 2.59± 0.01 0.58
Ogi 5 2.05± 0.15 0.02± 0.00 1.93± 0.01 0.72
L3.7 Mezo¨-Madaras 2 8.51± 0.04 0.27± 0.01 7.11± 0.04 1.63
Table 4.5: Averages (top) and standard deviations (bottom) of EPMA analyses of
plessite and taenite in the studied iron meteorites. Elements Mg, Al, Si, P, S, Cr,
Mn, Cu, Zn, Ca, Ti, As, V and Ge are below detection limits.
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Figure 4.25: Co content versus Ni content of metal in magmatic iron meteorites
(IIAB, IIIAB and IVA). The black dotted line delimits the maximum nickel content
for kamacite.
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Figure 4.26: Co content versus Ni content of metal in non-magmatic iron meteorites.
The black dotted line delimits the maximum nickel content for kamacite.
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(b) H6 and L3.7 ordinary chondrites
Figure 4.27: Co content versus Ni content of metal in ungrouped iron meteorites and
ordinary chondrites. The black dotted line delimits the maximum nickel content for
kamacite.
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The metal composition of the shock-melted meteorites Bingera, Braunau, Chu-
lafinnee, Gibeon and Indian Valley (described in Chapter 5) has not been aﬀected by
shock-melting. The full Fe-Ni metal compositions dataset, comprising non-shocked
and shock-melted meteorites, has been plotted with cobalt concentration versus
nickel concentration in Figures 4.25 to 4.27a. A vertical line at 7.5 wt% nickel
marks the limit between the kamacite field at the left and plessite-taenite field at
the right of the plots. The ordinary chondrites Butsura, Ogi and Mezo¨-Madaras
have a hiatus in the kamacite cobalt composition, visible on Figure 4.27a. This has
been described in the literature and due to the hiatus the Co content can be used
as a classification criteria. The values found are in agreement with measurements
of Afiattalab and Wasson (1980) and Sears and Axon (1976).
In the iron meteorites, the plessite always plots along a line which is interpreted
as a mixing line between kamacite and taenite. Indeed, plessite is very fine grained
an the EPMA beam samples a volume that is larger than its grain size. According
to the diﬀerent proportions of kamacite and taenite in the volume sampled, the
point will plot closer to the kamacite or taenite field. It is remarkable here that
for the IIAB Braunau, the IIIABs: Cape York, Cape York Copenhagen, Carthage,
Chulafinnee, the IVA Gibeon (considering Gibeon and Gibeon Copenhagen) and the
Ungrouped Cambria, the projected kamacite composition in plessite is concordant
with the composition of the kamacite plates measured. However, for the IABs:
Balfour Downs and Toluca and the Ungrouped Mbosi the Ni-rich metal measured
is zoned taenite. Then the projected composition is not the average composition of
kamacite and the minimum nickel content measured is larger. Nickel concentration
is greater than 27 wt% for Toluca, 24 wt% for Mbosi and 17 wt% for Balfour
Downs. One of the taenite grains measured in Balfour Downs is shown in Figure 4.33.
The M profile of nickel composition in taenite is well documented ((Scott, 1973)).
The profile is inversed in the rim of kamacite plates due to the slow diﬀusion (low
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diﬀusivity) of nickel in kamacite. The inverse situation occurs for cobalt with a
low diﬀusivity in taenite but a high diﬀusivity in kamacite. The diﬀusivity ratio
Co/Ni is therefore negative for kamacite and taenite, hence the negative slopes
of the lines on Figures 4.26 and 4.27a. Furthermore, taenite has a Co diﬀusion
velocity ≪ Ni diﬀusion velocity, which produces a flatter line while kamacite has a
Co diﬀusion rate≫ Ni diﬀusion rate, which produces a steeper line (NB: this can be
a curve instead of a line as diﬀusion rates decrease exponentially with temperature
according to (Wasson and Hoppe, 2012). (Wasson and Hoppe, 2012) uses the Co/Ni
concentrations in the rim of kamacite and thin taenite lamella to calculate the cooling
rates.
Accessory minerals
Sulfide: troilite, daubre´elite and sphalerite
Troilite is the most common and most abundant sulfide in the iron meteorites stud-
ied. Within errors, the troilite is stochiometric or very nearly stochiometric, see
Table 4.6. Troilite in Cambria contains 0.10 ± 0.03 wt% nickel, on average also
the concentration is highly variable with a standard deviation of 0.18 wt%. This is
perhaps linked with the presence of the schreibersite inclusion described in the min-
eralogy and petrology section. The Ni-rich results caused by terrestrial weathering
in Dronino and Nantan have been discarded. Chromium is above detection limit in
most cases. There is on average 0.51 ± 0.03 wt% in the troilite of Patos de Minas,
which is explained by the fact that there are micrometre sized daubre´elite inclu-
sions in the troilite (see Chapter 3, section Mineralogy and petrology §3.3.1). On
average, IIIAB troilite has the lowest concentrations in chromium and IABs show a
range that overlaps concentrations in the other magmatic irons. Troilite in the IVA
Steinbach is lower in chromium than the IIIAB Carthage.
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Figure 4.28: BSE SEM image of sphalerite-chromite-schreibersite inclusion in Mbosi.
Daubre´elite was found in Patos de Minas as minute exsolutions lamella and in
Carthage as decomposed plages surrounded by exsolution lamella, both within the
troilite. Patos de Minas has an appreciable manganese content with about 1.48 wt%
on average. Results are shown in Table 4.7)
Sphalerite was found in Balfour Downs and Mbosi, associated respectively with
a metal-troilite mixture and chromite and schreibersite (Figure 4.28). Sphalerite in
Balfour Downs has an average zinc content of 43.43 ± 0.78 wt% versus 39.60 ±
0.15 wt% for Mbosi and an iron content respectively of 22.25 ± 0.70 wt% and
26.26± 0.26 wt% (see Table 4.8). The sphalerite in Balfour Downs is in equilibrium
with troilite, then its composition could potentially be used as a cosmobarometer.
However, the troilite contains metal flecks (Figures 4.3) and it is not clear wether
those grains were exsolved from the troilite upon cooling or produced by another
process.
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Group Meteorite Number Average Analysis
of analyses S (wt%) Cr (wt%) Fe (wt%) Ni (wt%) total (wt%)
IAB Nantan 12 36.89± 0.47 0.34± 0.02 63.43± 0.39 < 0.06 100.66
Patos de Minas 14 36.37± 0.46 0.51± 0.03 62.64± 0.39 < 0.06 99.53
Balfour Downs 11 32.95± 0.56 0.83± 0.01 64.61± 0.32 < 0.04 98.96
IIIAB Cape York 54 35.56± 0.31 0.10± 0.02 63.43± 0.85 < 0.04 99.14
Cape York Copenhagen 15 36.76± 0.56 0.14± 0.01 63.82± 1.37 < 0.07 100.75
Carthage 32 35.89± 0.32 0.64± 0.02 62.49± 0.84 < 0.05 99.17
IVA-An Steinbach 16 37.00± 0.56 0.54± 0.02 63.02± 1.36 < 0.06 100.60
Ungrouped Cambria 42 36.50± 0.61 0.26± 0.01 62.55± 0.31 0.10± 0.03 99.47
Dronino 24 34.65± 0.31 < 0.02 63.23± 0.54 < 0.03 98.04
H6 Butsura 30 36.83± 0.33 < 0.03 63.45± 0.64 < 0.02 100.43
Ogi 5 36.72± 0.33 0.04± 0.02 63.68± 0.64 < 0.04 100.56
L3.7 Mezo¨-Madaras 11 35.99± 0.33 0.10± 0.02 62.48± 0.39 < 0.06 98.82
Terrestrial troilite Troilite 3 11 34.48± 0.25 < 0.02 60.89± 0.56 < 0.05 95.54
Group Meteorite Number Standard deviation Analysis
of analyses S (wt%) Cr (wt%) Fe (wt%) Ni (wt%) total (wt%)
IAB Nantan 12 0.86± 0.02 0.19± 0.00 0.64± 0.03 1.34
Patos de Minas 14 0.47± 0.02 0.10± 0.00 0.51± 0.02 0.96
Balfour Downs 11 2.38± 0.03 1.19± 0.01 3.35± 0.01 1.11
IIIAB Cape York 54 0.30± 0.00 0.01± 0.00 0.50± 0.00 0.37
Cape York Copenhagen 15 0.37± 0.01 0.01± 0.00 0.48± 0.01 0.56
Carthage 32 0.30± 0.00 0.01± 0.00 0.50± 0.00 0.37
IVA-An Steinbach 16 0.19± 0.00 0.02± 0.00 0.39± 0.01 0.42
Ungrouped Cambria 42 0.82± 0.01 0.10± 0.00 0.64± 0.00 0.18± 0.00 0.98
Dronino 24 0.45± 0.13 0.28± 0.10 0.70
H6 Butsura 30 0.36± 0.00 0.48± 0.01 0.58
Ogi 5 0.16± 0.00 0.08± 0.00 0.28± 0.00 0.17
L3.7 Mezo¨-Madaras 11 0.46± 0.00 0.18± 0.01 0.50± 0.00 0.71
Terrestrial troilite Troilite 3 11 0.19± 0.00 0.32± 0.01 0.47
Table 4.6: Averages (top) and standard deviations (bottom) of EPMA analyses of
troilite in the studied iron meteorites. Elements Mg, Al, Si, P, Mn, Cu, Zn, Ca, Co,
Ti, As and V are below detection limits.
Group Meteorite S (wt%) Cr (wt%) Fe (wt%) Mn (wt%) Cu (wt%) Ni (wt%)
Analysis
total (wt%)
IAB Patos de Minas 44.51± 0.54 35.58± 0.19 18.43± 0.18 1.26± 0.06 < 0.05 < 0.04 99.83
43.04± 0.49 35.99± 0.23 18.15± 0.19 1.70± 0.06 < 0.05 < 0.04 98.94
IIIAB Carthage 43.01± 0.36 35.50± 0.19 19.20± 0.46 0.05± 0.01 0.09± 0.03 < 0.04 97.85
43.29± 0.36 35.47± 0.19 18.86± 0.45 0.09± 0.02 0.09± 0.03 < 0.04 97.78
42.80± 0.35 34.69± 0.19 20.09± 0.47 0.06± 0.02 0.08± 0.03 < 0.04 97.70
43.18± 0.36 35.57± 0.19 19.05± 0.45 0.02± 0.01 0.11± 0.03 < 0.04 97.92
42.88± 0.35 35.44± 0.19 19.40± 0.46 0.03± 0.01 0.16± 0.03 < 0.04 97.86
41.69± 0.35 34.39± 0.19 20.71± 0.47 0.02± 0.01 0.28± 0.03 < 0.04 97.06
41.59± 0.35 34.89± 0.19 20.88± 0.48 0.08± 0.02 0.13± 0.03 < 0.04 97.59
Table 4.7: Daubre´elite EPMA compositions of iron meteorites studied. Elements
Mg, Al, Si, P, Zn, Ca, Co, Ti, As and V are below detection limits.
134 Volatile Depletion and Implications for Solar Nebula Settings
Group Meteorite S (wt%) Cr (wt%) Zn (wt%) Fe (wt%) Ni (wt%)
Analysis
total (wt%)
IAB Balfour Downs 34.08± 0.59 < 0.01 44.10± 0.37 21.52± 0.17 < 0.04 99.77
34.29± 0.59 < 0.01 44.00± 0.37 21.83± 0.18 < 0.04 100.22
33.91± 0.59 < 0.01 43.11± 0.37 22.77± 0.18 < 0.04 99.87
34.38± 0.59 < 0.01 42.21± 0.36 23.20± 0.18 < 0.04 99.89
34.07± 0.59 < 0.01 43.72± 0.37 21.93± 0.18 0.14± 0.03 99.89
Ungrouped Mbosi 34.60± 0.55 < 0.01± 0.01 39.71± 0.34 26.20± 0.76 < 0.05 100.54
34.67± 0.55 < 0.01± 0.01 39.38± 0.34 26.76± 0.77 < 0.05 100.8
34.60± 0.55 < 0.01± 0.01 39.66± 0.34 26.23± 0.76 < 0.05 100.48
34.53± 0.54 < 0.01± 0.01 39.67± 0.34 26.15± 0.76 < 0.05 100.33
34.41± 0.54 0.06± 0.01 39.45± 0.34 26.02± 0.76 < 0.05 100.00
34.45± 0.54 0.11± 0.01 39.72± 0.34 26.20± 0.76 < 0.05 100.44
Table 4.8: Sphalerite EPMA compositions of iron meteorites studied. Elements Mg,
Al, Si, P, Mn, Cu, Ca, Co, Ti, As and V are below detection limits.
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Phosphide: schreibersite and rhabdite
Schreibersite is the second most abundant accessory mineral and is present in the
form of anhedral fractured often elongated millimetre to centimetre sized inclusions
and micrometre sized euhedral crystals termed rhabdite. One brezina lamella has
also been observed in Indian Valley (details in Chapter 5 as Indian Valley is shock-
melted). There is a large variation in nickel content in the schreibersite, from 19.81±
0.20 wt% in Nantan to 47.48 ± 0.28 wt% in Cape York. This range lies within the
nickel composition range of 14 to 50 wt% measured by Reed (1965). As observed by
Reed (1965), rhabdites have high nickel contents (Table 4.9) and smaller grain size
than irregular schreibersite. Reed (1965) reports rhabdite and isolated schreibersite,
here schreibersite is also present as nodule rims and as inclusions in the nodules
themselves. There is no systematic variation of composition when the schreibersite
is isolated or associated with a nodule.
Figure 4.29 shows a correlation between Ni and Co content which is similar to
what is observed for kamacite and taenite: Ni-poor schreibersite contains higher Co
content than Ni-rich schreibersite, with a steep curve in region of low Ni content
and a relatively flat curve in region of high Ni contents. The schreibersite grain in
Carthage has been partly annealed, probably because of the artificial reheating. It’s
composition however has not been aﬀected (Figure 4.29).
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Standard deviation
Group Meteorite
Nb. of
analyses
P (wt%) Co (wt%) Ni (wt%) Fe (wt%) Total (wt%)
IAB Balfour Downs 10 0.24± 0.00 0.02± 0.00 0.61± 0.01 0.72± 0.01 0.53
6 0.60± 0.01 0.04± 0.01 7.39± 0.04 7.65± 0.02 0.95
4 0.02± 0.01 0.01± 0.00 1.02± 0.01 1.01± 0.01 0.12
Nantan 2 0.06± 0.00 0.05± 0.00 1.29± 0.01 1.24± 0.01 0.03
Patos de Minas 1
IC Mount Dooling 23 0.12± 0.00 0.01± 0.00 1.28± 0.01 1.35± 0.02 0.67
IIIAB Cape York 2 0.48± 0.00 0.01± 0.00 3.03± 0.01 2.35± 0.02 0.17
Cape York Copenhagen 5 0.39± 0.00 0.01± 0.00 1.24± 0.01 1.67± 0.03 1.24
1
Carthage 1
Ungrouped Cambria 13 0.07± 0.00 0.01± 0.00 0.24± 0.00 0.29± 0.00 0.38
9 0.09± 0.00 0.02± 0.00 3.91± 0.02 4.04± 0.01 0.38
Mbosi 8 0.75± 0.01 0.03± 0.00 2.27± 0.01 3.01± 0.01 0.58
2 0.93± 0.01 0.03± 0.00 3.33± 0.02 4.07± 0.06 0.18
15 0.07± 0.00 0.02± 0.00 4.56± 0.03 4.35± 0.01 0.43
Table 4.10: Standard deviations of EPMA analyses of schreibersite in the studied
iron meteorites.
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Figure 4.29: Cobalt versus nickel content in schreibersite of the iron meteorites stud-
ied. IABs are shown in red, IC in grey, IIIABs in green and ungrouped meteorites
in purple.
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Ni-rich phase associated with troilite
The Ni-rich metal associated with troilite in Cape York described by Esbensen and
Buchwald (1982) and Koeberl et al. (1986) is also found here. The nickel content is
in agreement with the analyses reported in the literature (Table 4.11). The phase is
present in the lamellar form along the nodule rim and associated with schreibersite
(Figure 4.30) but it also found as fluﬀy inclusions within the nodule, associated with
the lamellar version (Figure 4.30) and as about 100 µm wide separate inclusions
deeper into the nodule (Figure 2.2 and 4.12).
Reference Data Point Fe Co Ni Cu Total
Image 1 (this study) 1 1 43.69± 0.64 0.22± 0.03 54.76± 0.31 0.16± 0.03 98.79
1 6 42.67± 0.63 0.21± 0.03 55.62± 0.31 0.18± 0.03 98.61
1 7 43.37± 0.64 0.2± 0.03 55.87± 0.32 0.16± 0.03 99.52
1 12 43.41± 0.64 0.23± 0.03 54.58± 0.31 0.18± 0.03 98.35
Image 2 (this study) 1 10 45.34± 0.64 0.23± 0.03 54.36± 0.31 0.14± 0.03 100
Esbensen and
Buchwald (1982)
53-61
Koeberl et al. (1986)
(highest Ni
concentration)
40.5 0.37 58.77 0.226
Koeberl et al. (1986)
(range)
52-45 47-55 0.21-0.28
Table 4.11: EPMA analysis of the Ni-rich phase associated with troilite in Cape
York.
Image 2 (bottom of Figure 4.30) shows that the troilite overlaps the schreibersite
that is also present as a nodule rim. This is in agreement with the phase diagram
interpretations of Esbensen and Buchwald (1982) where phosphides form before the
Ni-rich phase. Furthermore, it is interesting to note that Koeberl et al. (1986) found
a chromite grain with a troilite inclusion. Since the chromite solidifies before the
troilite they propose that the chromite has perhaps been remelted. It is suggested
that it is more likely that the troilite is present in the chromite as a fluid inclu-
sion, similarly to what is observed in Chulafinnee with daubre´elite and schreibersite
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(Figure 5.12).
Figure 4.30: Image 1 (top) and Image 2 (bottom) showing the extent of the Ni-rich
metallic phase in Cape York. Composition given in Table 4.11.
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4.3.3 Modal mineralogy
In order to calculate the compositions of the meteorites from the trace elements
composition measured in each phase it is necessary to estimate their modal mineral-
ogy. This is done by using the cobalt, nickel and gallium content measured in each
metallic phase compared to the bulk in the literature. Cobalt and nickel have been
measured with EPMA and gallium with LA-ICP-MS. Those elements are contained
in the kamacite, plessite and schreibersite (negligible amounts relative to bulk val-
ues are found in the other accessories either because of a small elemental abundance
in the mineral or the rarity of the mineral itself in the meteorite), the equation of
conservation of mass therefore dictates that the sum of the concentrations in each
phase weighted by the proportion of each phase equals the bulk composition:
k [x]k + p [x]p + s [x]s = 100 [x]b, (4.1)
where k, p, s are the proportions of the kamacite, plessite and schreibersite; x
is the element (Co, Ni or Ga) and [x]b, [x]k, [x]p and [x]s are its concentrations
respectively in the bulk, kamacite, plessite and schreibersite. Furthermore the sum
of the proportions is normalized to 100%:
k + p+ s = 100. (4.2)
This calculation is done with average concentrations in the phases, although in
reality those concentrations can vary significantly (for example nickel in plessite).
Then, by using an average composition it is not the true modal mineralogy that
is calculated. However, the concentration of other siderophile trace elements will
vary in proportion with the nickel content of the plessite so that the final bulk
calculated is indeed close to the true values. Published P and S contents are used
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to calculate the percentage of schreibersite and troilite. The two unknowns are
therefore the proportions of kamacite and plessite and the two equations (4.1) and
(4.2) are suﬃcient to solve the system.
Four calculated modal mineralogy are shown in Table 4.12 and calculated from
four diﬀerent methods:
1) Method “Co” uses the weighted mass conservation Eq. (4.1) for the cobalt
together with Eq. (4.2). The schreibersite weight percentage (value of s) is
obtained from the published P content.
2) Method “Ni” uses the weighted mass conservation Eq. (4.1) for the nickel
together with Eq. (4.2). The schreibersite weight percentage (value of s) is
obtained from the published P content.
3) Method “Ga” uses the weighted mass conservation Eq. (4.1) for the gallium
together with Eq. (4.2). The schreibersite weight percentage (value of s) is
obtained from the published P content.
These three methods give the following proportions for the kamacite and plessite
k = −−100 [x]b − [x]p s+ 100 [x]p + [x]s s
[x]k − [x]p
, (4.3)
p = −100 [x]b + [x]k s− 100 [x]k − [x]s s
[x]k − [x]p
. (4.4)
where x is Co (method “Co”), Ni (method “Ni”) or Ga (method “Ga”).
4) Method “CoNi” uses the weighted mass conservation equations Eq. (4.1) for
the nickel and the cobalt. The total weight percent of the kamacite + plessite
+ schreibersite is not constrained in this method.
142 Volatile Depletion and Implications for Solar Nebula Settings
This method gives
k = −100 [Co]b[Ni]p − 100 [Co]p[Ni]b + [Co]p[Ni]s s− [Co]s[Ni]p s
[Co]p[Ni]k − [Co]k[Ni]p
, (4.5)
p = −−100 [Co]b[Ni]k + 100 [Co]k[Ni]b − [Co]k[Ni]s s+ [Co]s[Ni]k s
[Co]p[Ni]k − [Co]kNip
. (4.6)
The four methods give diﬀerent results (see the “Modal mineralogy” column of
Table 4.12). The most consistent method is the method “Ni”, probably because
nickel is a major element and its relative analytical error is less than for cobalt and
gallium. Furthermore, cobalt measured with EPMA needs corrections because of
an overlap with an iron peak and that could be a source of error. The final modal
abundances to be used in the calculation of the bulk trace element content are given
in Table 4.25. The results are renormalized to take into account troilite.
Co versus Ni plots for each of the 10 meteorite thick sections studied are shown
in Figures 4.34 to 4.44 and present the average composition of the kamacite with
standard deviation as error bar, the plessite and schreibersite compositions when
measured and the bulk composition from the literature. When possible, linear re-
gressions have been performed on the plessite, in which case the equation of the
mixing line and correlation coeﬃcient are shown. These plots are here to verify the
hypothesis that the published bulk nickel and cobalt contents are indeed equal to
the weighed sum of cobalt and nickel in the kamacite, plessite and schreibersite.
In Balfour Downs (Figure 4.34), Toluca (Figure 4.37) and Mbosi (Figure 4.44)
the plessite mixing line does not point towards the average kamacite and bulk com-
position. In Balfour Downs, Cape York and Cambria, there are two groups of
schreibersite composition: one high-Ni low-Co group with 35 to 40 wt% Ni and
about 0.1 wt% Co and one group of near plessitic composition. The schreibersite of
near plessitic composition for Balfour Downs is found as a rim and inclusion within
a troilite-silicate nodule (points 1 1, 1 2, 1 3 and 1 8 on Figure 4.31). The high-Ni
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Group Meteorite Mineral Element Modal mineralogy
Co (ppm) Ni (wt%) Ga (ppm) P (wt%) S (wt%) Co Ni Ga CoNi
IAB Balfour Downs Kamacite 5871 5.84 55.06 80.77 79.64 71.66 80.40
Plessite 2442 18.11 73.20 17.59 18.72 26.70 18.48
Sphalerite 3 0.00
Schreibersite 1738 21.25 < 0.06 1.64 1.64 1.64 1.64
Bulka 5200 8.39 59 0.25
Nantan Martensite 5495 6.65 87.55
Troilite 72 0.01
Bulkb 4720 6.88 79.8
Patos de Minas (oct.) Kamacite 4945 7.08 53.70
Taenite × × ×
Troilite 597 0.02
Schreibersite 1731 21.31
Bulkc 4800 8.30 67
Toluca Kamacite 4391 6.51 89.57 78.77
Plessite 2062 14.33 191.88 20.18
Troilite 51 0.02 0.06 1.93
Schreibersite × × × 1.05
Bulkd 4900 8.02 68.9 0.16 0.7
IIIAB Cape York Agpalilik Kamacite 5284 7.09 18.92 89.90 88.95 89.30
Plessite 4025 15.26 19.88 9.12 10.06 9.90
Troilite 42 0.01 2.40 3.71 3.71 3.71
Schreibersite 1300 47.48 0.98 0.98 0.98
Chromite × × ×
Bulke 5130 8.31 19.9 0.15 1.35
Cape York Copenhagen Kamacite 5394 7.24 19.80 85.06 96.34 89.80
Plessite 2867 20.04 33.25 13.96 2.68 5.04
Troilite 12 0.01 3.58 3.58 3.58
Schreibersite 1200 33.37 0.98 0.98 0.98
Chromite × × ×
Bulkf 5000 7.84 19 0.15 1.3
Carthage Kamacite 5481 6.75 20.70 98.07 89.02 96.63
Plessite 1263 18.41 2.97 0.62 9.67 6.88
Troilite 17 0.01
Schreibersite 1300 34.37 1.31 1.31 1.31
Chromite 10 0.00 0.97
Bulkg 5400 8.24 21.5 0.2
Ungrouped Cambria Kamacite 6284 6.93 11.70 82.10 78.23 86.80 80.49
Plessite 3214 21.91 18.60 14.62 18.48 9.91 17.77
Troilite 772 0.05 4.95 4.95 4.95 4.95
Schreibersite 2162 21.28 3.28 3.28 3.28 3.28
Bulkh 5700 10.17 12 0.5 1.8
Dronino Martensite 5623 10.04 0.56
Taenite × × ×
Troilite 10 0.02 4.10 4.10 4.10 4.10
Schreibersite × × ×
Chromite × × ×
Bulki 5540 9.81 < 0.03 1.5
Mbosi Kamacite 4545 6.50 89.38 83.38
Plessite 1963 19.75 221.62 15.90
Sphalerite 158 0.05 0.05
Schreibersite 1393 20.88 < 0.07 0.72
Bulkj 8100 8.71 2.54 0.11 0.019
Table 4.12: Calculated modal mineralogies (wt%), only positive real solutions are
presented, ×: not measured. References for the bulk concentrations, a: Wiik and
Mason (1965), b: Wasson and Kallemeyn (2002), c: Connolly et al. (2008), d: Moore
et al. (1969), e: Wasson (1999), f: Buchwald (1966), g: Kracher et al. (1980), h:
Kracher et al. (1980), i: Russell et al. (2004), j: Kracher et al. (1980).
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Figure 4.31: Schreibersite (points 1 1 to 1 3), troilite (1 4 and 1 5) and silicate
(black) inclusions in Balfour Downs. Points 1 6 and 1 7 are a fine grained metal-
troilite mixture.
schreibersite is seen as an anhedral elongated inclusion (Figure 4.33) and as the
rim of a shock melted nodule (Figure 4.32). In all meteorites the bulk composi-
tion is nearer the kamacite composition, with generally a slightly higher nickel and
lower cobalt abundance accounting for the presence of taenite and schreibersite. No
plessite data is available in Nantan and Patos de Minas as it was not present in the
samples. The schreibersite grain in Nantan was almost entirely lost during polishing
of the thick section then only limited data was able to be collected.
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Figure 4.32: Eutectic nodule (1 4 to 1 7) surrounded by blocky schreibersite rim
(1 2, 1 3, 1 8 and 1 9) in Balfour Downs.
Figure 4.33: Elongated schreibersite inclusion (1 6 and 1 7) and zoned taenite grain
(1 1 to 1 5) in Balfour Downs. They are both located along kamacite grain bound-
aries.
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Figure 4.34: Composition of metal and schreibersite in Balfour Downs, bulk data
from Wiik and Mason (1965).
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Figure 4.35: Composition of metal and schreibersite in Nantan, bulk data from
Wasson and Kallemeyn (2002).
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Figure 4.36: Composition of metal and schreibersite in Patos de Minas, bulk data
from Connolly et al. (2008).
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Figure 4.37: Composition of metal in Toluca, bulk data from Goldberg et al. (1951)
and Moore et al. (1969).
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Figure 4.38: Composition of metal and schreibersite in Mount Dooling, bulk data
from Simpson (1912), Lovering et al. (1957) and de Laeter et al. (1972).
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Figure 4.39: Composition of metal and schreibersite in Carthage, bulk data from
Kracher et al. (1980).
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Figure 4.40: Composition of metal and schreibersite in Cape York, bulk data from
Peary (1898), Buchwald (1966), Moore et al. (1969) and Wasson (1999).
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Figure 4.41: Composition of metal and schreibersite in Steinbach, bulk data from
Wasson and Richardson (2001).
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Figure 4.42: Composition of metal and schreibersite in Cambria, bulk data from
Moore et al. (1969), Hey (1966) and Kracher et al. (1980).
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Figure 4.43: Composition of metal in Dronino, bulk data from Russell et al. (2004).
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Figure 4.44: Composition of metal and schreibersite in Mbosi, bulk data from
Kracher et al. (1980), Stanley (1931) and Grantham et al. (1931).
4.3.4 Trace element compositions
LA-ICP-MS
Fe-Ni metal
The elements Co, Ga, Ge, Au, P, V, Cr, Mn, Cu, As, Mo, Ag, Sn, Sb, W, Ni,
Ru, Rh, Pd, Re, Os, Ir and Pt have been measured in the Fe-Ni metal. Average
compositions and standard deviation for the kamacite are shown in Table 4.13. The
plessite is less abundant than the kamacite and is not present in all the samples.
All the datapoints for plessite are given in Table 4.15. Fe concentration from the
EPMA is used as the internal standard for the LA-ICP-MS analysis. An accurate
Fe concentration is more diﬃcult to provide for plessite because there are significant
micrometre scale variations in the Fe content.
The elemental abundances in kamacite are shown in the top plot of Figure 4.45
with elements ordered by increasing order of volatility. Overall the patterns are
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remarkably similar. Considering the refractory elements, Cambria and Carthage
have lower Os and Ir than the other irons. This is still seen in the CI normalised
abundances (middle plot in Figure 4.45) and CI and Ni normalised abundances
(bottom plot in Figure 4.45). Since there is only a minute diﬀerence in the Ni
content of the kamacite of the diﬀerent meteorites, the normalisation to Ni causes
a shift of the CI normalised data downwards with no change of shape of the curves.
Looking at the volatile elements, there is a variation of the Ga, Ge and Sn content.
After normalisation to CI and Ni, the meteorites by order of increased Ga, Ge and
Sn content are:
Dronino<Cambria<Cape York=Carthage<Patos de Minas<Balfour Downs<
Nantan=Toluca=Mbosi,
then, without considering the ungrouped meteorites the sequence goes IIIAB< IAB.
The kamacite in the ordinary chondrites (Figure 5.26) has a much flatter normalised
pattern than iron meteorites for refractory elements. The lithophile elements V, Cr,
Mn and Ga are depleted as well as P. Ge is the most volatile siderophile element and
is more abundant in the L3.7 Mezo¨-Madaras than the H6 Ogi and Butsura. The
kamacite in Mezo¨-Madaras is also enriched in Mn, As and Cu relative to the other
ordinary chondrites.
Like for kamacite the nickel content in plessite show little variation so the diﬀer-
ence between CI normalised data and CI and Ni normalised data is only a downward
shift of the curves. There is more variability however in the composition of the ka-
macite with regards to the other elements. Looking at the most volatile Ga, Ge and
Sn (Figure 4.47), the sequence from lesser to greater abundance goes:
Cambria<Carthage<Cape York<Balfour Downs<Mbosi<Toluca,
so here we have IIIAB< IAB. Furthermore, Carthage has a diﬀerent pattern than
the other meteorites, perhaps due to the terrestrial artificial reheating it has been
submitted to (described in Chapter 3). No plessite was present in the IIABs, it
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is therefore not possible to conclude on the pattern of IIABs in the plessite. The
taenite composition in the ordinary chondrites (Figure 4.48) shows again a flatter
pattern than in the iron meteorites and Mezo¨-Madaras is enriched in As, Cu and
Ge relative to Ogi and Butsura.
Medians
Group Meteorite
Number of
analyses
Fe (wt%) Co Ga Ge Au P V Cr
IAB Balfour Downs 3 95.83± 3.03 5871± 193 55.06± 1.74 200.49± 8.06 1.51± 0.09 947.76± 176.14 0.11± 0.03 6.28± 0.73
Nantan 2 94.26± 2.98 5495± 174 87.55± 3.08 328.52± 11.19 1.41± 0.24 1130.56± 271.00 < 0.40 6.18± 1.82
Patos de Minas 2 91.03± 2.88 4945± 159 53.70± 1.84 191.92± 7.97 1.49± 0.11 987.95± 170.12 < 0.06 2.26± 0.53
Toluca 9 93.22± 2.96 4391± 141 89.57± 4.61 386.43± 17.60 1.88± 0.46 874.32± 188.68 < 0.72 7.90± 3.81
IC Mount Dooling 6 4837± 68 53.29± 1.02 236.61± 9.32 0.69± 0.07
IIAB Braunau 4 95.11± 3.01 4510± 149 57.74± 1.82 181.25± 6.51 0.57± 0.05 2048.45± 372.55 0.07± 0.03 43.28± 1.70
IIIAB Cape York 4 91.42± 2.89 5284± 166 18.92± 0.69 40.43± 1.54 1.05± 0.10 793.59± 108.52 0.52± 0.20 2.87± 1.04
Cape York Copenhagen 4 93.86± 2.97 5394± 199 19.80± 0.69 42.26± 1.47 0.92± 0.13 874.61± 182.14 < 0.10 2.28± 0.67
Carthage 4 92.87± 2.94 5481± 200 20.70± 1.21 43.33± 2.06 0.86± 0.13 1084.98± 377.96 < 0.54 < 6.67
Chulafinnee 4 93.47± 2.96 5035± 169 19.59± 1.10 38.81± 2.15 0.50± 0.05 1255.00± 229.52 0.12± 0.03 41.22± 1.74
Ungrouped Cambria 3 94.54± 2.99 6284± 206 11.70± 0.40 1.50± 0.15 1.98± 0.21 1447.39± 266.14 < 0.07 2.96± 0.53
Dronino 15 91.26± 2.89 5623± 199 0.56± 0.26 < 10.97 0.68± 0.26 446.63± 126.73 < 2.22 16.63± 3.76
Mbosi 6 94.10± 2.98 4545± 144 89.38± 2.82 400.32± 12.81 1.61± 0.11 1243.44± 255.40 0.12± 0.04 7.68± 0.72
H6 Butsura 19 94.06± 2.98 5186± 229 6.47± 1.04 61.64± 5.85 0.97± 0.61 200.44± 65.45 0.44± 0.28 21.75± 4.84
Ogi 13 93.93± 2.97 4842± 165 10.13± 0.46 65.24± 2.73 0.97± 0.17 72.92± 19.64 0.63± 0.06 6.56± 1.12
L3.7 Mezo¨-Madaras 1 93.13± 2.95 3206± 110 15.57± 1.34 430.83± 69.81 634.36± 66.69
Group Meteorite
Number of
analyses
Mn Cu As Mo Ag Sn Sb W
IAB Balfour Downs 3 1.29± 0.20 97.90± 3.71 19.00± 1.55 4.70± 0.29 < 0.06 5.30± 0.46 0.43± 0.05 0.65± 0.05
Nantan 2 < 1.47 137.72± 5.24 14.24± 3.27 2.93± 0.69 < 0.59 4.85± 0.39 0.37± 0.08 0.81± 0.27
Patos de Minas 2 0.62± 0.15 203.06± 7.09 15.91± 1.24 5.32± 0.29 0.06± 0.02 5.81± 0.39 0.48± 0.05 0.53± 0.05
Toluca 9 < 2.72 129.42± 5.62 13.74± 3.70 7.90± 1.55 < 0.88 4.48± 0.63 0.28± 0.10 1.18± 0.30
IC Mount Dooling 6 1.93± 0.24
IIAB Braunau 4 0.79± 0.17 130.07± 4.37 4.57± 0.48 6.62± 0.35 < 0.06 1.22± 0.36 0.09± 0.03 3.29± 0.15
IIIAB Cape York 4 1.61± 0.39 98.89± 3.40 8.39± 0.97 6.32± 0.48 < 0.15 0.93± 0.12
Cape York Copenhagen 4 1.37± 0.32 112.10± 3.81 8.57± 1.15 7.28± 0.43 0.47± 0.06 1.55± 0.44 < 0.18 0.87± 0.09
Carthage 4 1.66± 0.48 74.91± 5.27 6.04± 1.33 6.58± 0.65 < 0.16 0.95± 0.11
Chulafinnee 4 0.91± 0.20 128.31± 4.53 4.25± 0.49 6.55± 0.36 < 0.06 1.09± 0.41 < 0.08 1.31± 0.08
Ungrouped Cambria 3 0.98± 0.18 79.41± 2.99 24.39± 1.83 5.03± 0.30 < 0.05 1.15± 0.36 0.16± 0.03 0.43± 0.04
Dronino 15 1.80± 1.04 37.30± 3.00 7.20± 3.39 4.08± 1.22 < 3.08 1.32± 0.56 < 0.67 0.48± 0.23
Mbosi 6 1.55± 0.28 117.64± 3.98 13.21± 1.59 8.42± 0.46 < 0.11 4.48± 0.50 0.28± 0.07 1.24± 0.10
H6 Butsura 19 4.11± 1.3 102.09± 7.23 15.25± 4.11 5.36± 1.14 0.955± 0.24 0.725± 0.21
Ogi 13 23.18± 0.87 86.96± 3.97 16.60± 1.75 5.51± 0.51 0.12± 0.05 0.99± 0.13
L3.7 Mezo¨-Madaras 1
Group Meteorite
Number of
analyses
Ni (wt%) Ru Rh Pd Re Os Ir Pt
IAB Balfour Downs 3 5.84± 0.27 2.98± 0.18 1.09± 0.06 3.52± 0.19 0.25± 0.05 2.82± 0.15 2.64± 0.10 5.42± 0.23
Nantan 2 6.65± 0.21 5.54± 0.75 1.80± 0.19 2.69± 0.48 0.22± 0.13 2.26± 0.45 2.15± 0.23 5.65± 0.61
Patos de Minas 2 7.08± 0.25 2.91± 0.17 1.34± 0.06 3.82± 0.19 0.17± 0.04 1.66± 0.10 1.48± 0.06 3.90± 0.17
Toluca 9 6.51± 0.29 9.44± 1.58 2.61± 0.48 4.42± 1.09 0.57± 0.33 5.90± 0.96 5.19± 0.53 9.35± 1.08
IC Mount Dooling 6 6.18± 0.3 0.40± 0.05 1.3± 0.09 15.85± 0.36
IIAB Braunau 4 5.86± 0.19 20.66± 0.75 3.27± 0.15 1.82± 0.14 1.00± 0.07 6.34± 0.27 12.02± 0.43 29.38± 0.96
IIIAB Cape York 4 7.09± 0.23 7.04± 0.46 1.89± 0.12 2.71± 0.24 0.21± 0.06 2.24± 0.18 2.94± 0.13 10.24± 0.43
Cape York Copenhagen 4 7.24± 0.24 7.09± 0.40 1.82± 0.11 2.99± 0.24 0.28± 0.06 2.70± 0.24 3.30± 0.16 10.79± 0.56
Carthage 4 6.75± 0.24 5.33± 0.50 1.68± 0.14 2.57± 0.34 0.15± 0.06 0.30± 0.11 0.73± 0.07 8.84± 0.62
Chulafinnee 4 7.25± 0.25 9.18± 0.49 1.86± 0.09 1.98± 0.14 0.63± 0.07 6.36± 0.31 6.81± 0.24 13.18± 0.48
Ungrouped Cambria 3 6.93± 0.26 3.06± 0.18 1.17± 0.06 4.05± 0.21 0.12± 0.03 0.15± 0.04 0.34± 0.02 3.12± 0.15
Dronino 15 10.04± 0.41 2.64± 0.86 0.72± 0.25 2.29± 0.68 0.38± 0.21 2.01± 0.60 1.57± 0.30 2.82± 0.63
Mbosi 6 6.50± 0.21 6.98± 0.36 2.14± 0.11 3.71± 0.23 0.35± 0.05 3.84± 0.23 3.58± 0.15 8.01± 0.34
H6 Butsura 19 6.94± 0.31 5.05± 1.04 1.37± 0.27 2.94± 0.7 0.5± 0.23 3.17± 0.64 3.09± 0.36 7.35± 0.77
Ogi 13 6.73± 0.23 3.87± 0.42 1.00± 0.10 3.14± 0.32 0.31± 0.08 3.09± 0.29 2.52± 0.15 5.25± 0.34
L3.7 Mezo¨-Madaras 1 3.64± 0.46 1.67± 0.60 0.36± 0.17 1.62± 0.42
Table 4.13: Medians of the trace elements in kamacite measured by LA-ICP-MS.
The accompanying standard deviations are given in Table 4.14.
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Standard deviations
Group Meteorite
Number of
analyses
Fe (wt%) Co Ga Ge Au P V Cr
IAB Balfour Downs 3 1.65± 0.05 527± 20 2.07± 0.07 0.83± 0.03 0.12± 0.01 160.41± 29.70 4.16± 0.07
Nantan 2 0.16± 0.01 174± 6 3.62± 0.13 1.98± 0.02 0.03± 0.01 228.49± 57.06
Patos de Minas 2 0.35± 0.01 244± 11 0.35± 0.01 4.46± 0.18 0.08± 0.00 23.30± 4.01 0.09± 0.00
Toluca 9 0.90± 0.03 234± 19 2.82± 0.22 8.56± 0.65 0.25± 0.05 105.69± 23.07 3.90± 0.87
IIAB Braunau 4 1.17± 0.04 228± 10 0.63± 0.02 2.59± 0.09 0.05± 0.00 631.96± 114.89 0.00± 0.00 8.25± 0.23
IIIAB Cape York 4 0.94± 0.03 267± 9 0.36± 0.01 0.13± 0.02 0.18± 0.02 148.06± 20.99
Cape York Copenhagen 4 1.21± 0.04 254± 12 0.68± 0.02 1.56± 0.04 0.10± 0.01 96.14± 19.94 0.94± 0.05
Carthage 4 1.22± 0.04 245± 38 1.24± 0.37 2.38± 0.34 0.30± 0.03 149.66± 117.75
Chulafinnee 4 0.28± 0.01 201± 18 0.72± 0.04 0.90± 0.05 0.00± 0.00 62.38± 11.43 0.02± 0.00 28.29± 0.95
Ungrouped Cambria 3 0.75± 0.02 273± 9 1.37± 0.04 0.22± 0.01 0.28± 0.03 551.97± 101.33 1.39± 0.02
Dronino 15 2.45± 0.08 349± 18 0.31± 0.11 49.59± 14.54 12.76± 1.23
Mbosi 6 0.56± 0.02 267± 9 3.55± 0.11 7.27± 0.23 0.06± 0.01 312.35± 64.88 27.75± 0.85
H6 Butsura 19 0.42± 0.01 241± 63 0.99± 0.14 4.59± 0.52 0.14± 0.10 66.74± 26.72 15.88± 0.93
Ogi 13 0.28± 0.01 761± 29 0.75± 0.06 4.53± 0.21 0.11± 0.02 39.85± 5.97 5.83± 0.17 89.11± 3.13
L3.7 Mezo¨-Madaras 1
Group Meteorite
Number of
analyses
Mn Cu As Mo Ag Sn Sb W
IAB Balfour Downs 3 0.17± 0.03 22.97± 0.85 0.65± 0.06 0.71± 0.02 0.21± 0.04 0.06± 0.01 0.04± 0.00
Nantan 2 1.82± 0.09 1.53± 0.08 1.25± 0.14 0.17± 0.01 0.07± 0.01 0.39± 0.05
Patos de Minas 2 0.18± 0.00 4.36± 0.15 0.32± 0.02 0.64± 0.02 ±0.00 0.37± 0.01 0.05± 0.00 0.05± 0.00
Toluca 9 13.96± 0.47 1.43± 0.39 1.08± 0.29 0.12± 0.09 0.05± 0.01 0.22± 0.06
IIAB Braunau 4 0.14± 0.02 3.56± 0.11 0.26± 0.03 0.92± 0.04 0.06± 0.05 0.00± 0.00 0.13± 0.01
IIIAB Cape York 4 0.21± 0.01 21.80± 0.72 1.18± 0.04 0.78± 0.04 0.13± 0.01
Cape York Copenhagen 4 0.48± 0.01 10.32± 0.34 1.16± 0.10 1.09± 0.04 ±0.05 0.19± 0.01 0.06± 0.00
Carthage 4 0.40± 0.06 10.57± 2.08 1.92± 0.32 0.85± 0.06 0.26± 0.01
Chulafinnee 4 0.18± 0.02 11.75± 0.42 0.24± 0.02 0.35± 0.02 0.18± 0.04 0.03± 0.00
Ungrouped Cambria 3 0.09± 0.01 6.89± 0.26 1.19± 0.08 0.48± 0.02 0.21± 0.02 0.04± 0.00 0.09± 0.00
Dronino 15 ±0.27 10.32± 0.75 ±1.05 0.81± 0.24 0.36± 0.16 0.15± 0.04
Mbosi 6 0.35± 0.02 12.88± 0.43 1.15± 0.12 1.85± 0.06 0.40± 0.02 0.04± 0.00 0.11± 0.01
H6 Butsura 19 9.99± 0.37 8.44± 1.22 2.71± 0.88 0.77± 0.27 4.24± 0.34 0.24± 0.05
Ogi 13 356.57± 11.05 8.50± 0.27 2.66± 0.16 1.43± 0.14 0.04± 0.01 0.17± 0.02
L3.7 Mezo¨-Madaras 1
Group Meteorite
Number of
analyses
Ni (wt%) Ru Rh Pd Re Os Ir Pt
IAB Balfour Downs 3 1.48± 0.07 0.46± 0.02 0.08± 0.00 0.68± 0.02 0.01± 0.01 0.10± 0.00 0.12± 0.00 0.07± 0.01
Nantan 2 0.09± 0.00 0.02± 0.06 0.10± 0.00 0.49± 0.05 ±0.01 0.39± 0.04 0.30± 0.01 0.29± 0.02
Patos de Minas 2 0.14± 0.00 0.01± 0.00 0.08± 0.00 0.00± 0.00 ±0.00 0.25± 0.01 0.10± 0.00 0.10± 0.00
Toluca 9 0.50± 0.02 1.21± 0.18 0.27± 0.05 0.48± 0.15 0.18± 0.03 0.27± 0.10 0.49± 0.04 0.32± 0.10
IIAB Braunau 4 0.33± 0.01 0.09± 0.01 0.12± 0.00 0.11± 0.00 0.03± 0.00 0.43± 0.01 0.26± 0.01 1.30± 0.03
IIIAB Cape York 4 0.17± 0.01 0.47± 0.01 0.18± 0.01 0.26± 0.01 0.08± 0.00 0.26± 0.01 0.23± 0.01 0.44± 0.02
Cape York Copenhagen 4 0.19± 0.01 0.54± 0.02 0.10± 0.01 0.17± 0.01 0.10± 0.00 0.33± 0.02 0.26± 0.01 0.59± 0.02
Carthage 4 0.39± 0.03 0.54± 0.04 0.06± 0.01 0.39± 0.07 ±0.01 0.13± 0.02 0.05± 0.01 0.83± 0.06
Chulafinnee 4 0.17± 0.01 0.47± 0.02 0.06± 0.00 0.12± 0.01 0.04± 0.00 0.24± 0.01 0.13± 0.01 0.19± 0.01
Ungrouped Cambria 3 0.24± 0.01 0.31± 0.02 0.07± 0.00 0.42± 0.02 ±0.00 0.34± 0.01 0.37± 0.01 0.44± 0.02
Dronino 15 0.35± 0.06 0.51± 0.23 0.15± 0.07 0.66± 0.30 0.04± 0.04 0.65± 0.12 0.26± 0.07 0.26± 0.12
Mbosi 6 0.55± 0.02 0.71± 0.03 0.06± 0.00 0.48± 0.01 0.05± 0.00 0.18± 0.01 0.19± 0.01 0.35± 0.01
H6 Butsura 19 0.21± 0.04 1.87± 0.30 0.66± 0.08 0.51± 0.13 0.11± 0.05 1.27± 0.15 1.29± 0.11 3.02± 0.25
Ogi 13 0.47± 0.02 2.26± 0.18 0.56± 0.05 0.56± 0.05 0.18± 0.03 1.59± 0.13 1.25± 0.07 2.52± 0.15
L3.7 Mezo¨-Madaras 1
Table 4.14: Standard deviations of the trace elements in kamacite measured by
LA-ICP-MS.
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Figure 4.45: LA-ICP-MS trace elements composition of kamacite in iron meteorites.
Top: elemental abundances in ppm, elements are in order of increasing volatility.
Middle: elemental abundances normalised to CI. Bottom: elemental abundances
normalised to CI and Ni concentration in the sample.
156 Volatile Depletion and Implications for Solar Nebula Settings
 
 
 
 
 
 
 
 
 
        	             
Ab
un
da
nc
e 
(p
pm
)
Element













 	      
     
  
        
Ab
un
da
nc
e 
/ C
I 
Element








 	      
     
  
        
Ab
un
da
nc
e 
/ C
I a
nd
 N
i
Element
Figure 4.46: LA-ICP-MS trace elements composition of kamacite in ordinary chon-
drites. Top: elemental abundances in ppm, elements are in order of increasing
volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration in the sample.
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Group Meteorite Fe (wt%) Co Ga Ge Au P V Cr
IAB Balfour Downs 81.89± 2.59 2441± 78 73.2± 2.31 156± 6.29 3.1± 0.15 236.08± 44.89 < 0.09 14.93± 1.01
Toluca 71.25± 2.27 1823± 60 266.37± 12.63 549.44± 25.46 7.32± 1.3 3639.3± 756.17 < 0.54 13.52± 7.67
71.16± 2.26 2316± 74 174.46± 7.86 431.32± 18.52 3.85± 0.63 357.39± 89.97 < 0.47 13.61± 4.15
68.04± 2.16 2302± 74 207.93± 9.73 464.49± 20.98 4.07± 0.82 436.6± 113.96 < 0.62 < 9.61
43.46± 1.41 1314± 46 120.12± 7.55 265.1± 16.6 4.02± 1.13 5572.58± 1158.05 < 0.40 < 8.90
71.16± 2.26 2317± 74 174.46± 7.86 431.32± 18.52 3.85± 0.63 357.39± 89.97 < 0.47 13.61± 4.15
68.04± 2.16 2302± 74 207.93± 9.73 464.49± 20.98 4.07± 0.82 436.6± 113.96 < 0.62 < 9.61
IIIAB Cape York 93.30± 2.95 4167± 131 20.82± 0.75 31.81± 1.34 1.38± 0.11 336.1± 52.18 < 0.57 < 2.99
84.73± 2.68 3884± 122 18.93± 0.67 28.35± 1.18 1.235± 0.096 324.9± 49.20 < 0.49 < 2.52
Cape York Copenhagen 79.34± 2.51 2752± 101 44.04± 1.48 51.56± 1.78 2.2± 0.26 384.69± 81.07 < 0.11 1.68± 0.74
82.19± 2.60 2982± 110 22.45± 0.78 34.32± 1.22 1.41± 0.17 281.96± 59.82 < 0.11 3.17± 0.68
Carthage 61.31± 1.95 1208± 40 0.98± 0.21 1.02± 0.39 < 0.04 447.42± 144.06 29.2± 1.95 23210± 954
62.70± 1.98 1318± 46 4.95± 0.42 5.35± 0.46 0.173± 0.051 80000± 35220 86.55± 8.67 62490± 3897
Chulafinnee 80.89± 2.56 2664± 103 31.2± 1.74 38.43± 2.14 1.157± 0.094 491.72± 90.46 < 0.09 107.31± 3.96
IVA Gibeon 95.06± 3.01 3473± 110 5.43± 0.51 < 2.16 1.76± 0.3 608.3± 151.96 < 0.62 1128.66± 39.32
90.96± 2.88 3535± 112 2.20± 0.3 < 1.54 1.19± 0.28 518.1± 127.23 0.64± 0.2 61.56± 4.74
95.14± 3.01 3912± 124 2.05± 0.32 < 1.36 0.70± 0.21 547.03± 139.51 < 0.44 13.17± 2.59
91.75± 2.91 3375± 107 3.58± 0.38 < 1.61 1.77± 0.33 490.79± 121.42 < 0.41 52.94± 4.52
Ungrouped Cambria 73.71± 2.33 3214± 106 18.6± 0.61 1.7± 0.15 3.6± 0.37 238.45± 44.44 < 0.06 5.03± 0.57
Mbosi 76.40± 2.42 1901± 60 216.8± 6.95 444.5± 14.64 5± 0.36 112.72± 26.2 < 0.05 15.16± 1.51
74.28± 2.35 2024± 64 226.43± 7.22 500.21± 16.36 5.22± 0.33 233.77± 50.54 < 0.07 19.26± 1.65
H6 Butsura 76.25± 2.42 1677± 104 20.69± 2.67 78.5± 7.51 2.11± 1.18 ±56.28
68.65± 2.18 1583± 99 17.5± 2.23 59.16± 5.64 1.88± 1.05 122.15± 54.6
61.81± 1.97 2775± 211 12.01± 2.12 62.64± 7.81 2.3± 1.7 270.89± 119
H6 Ogi 72.86± 2.31 1097± 42 28.07± 1.35 57.62± 3.03 2.06± 0.40 1004± 191 411.51± 13.3 6019± 234
L3.7 Mezo¨-Madaras 63.82± 2.02 6277± 214 0.31± 0.21 1870.94± 290.22 0.88± 0.19 22.11± 5.88 63.98± 99.51 81.84± 17.55
Group Meteorite Mn Cu As Mo Ag Sn Sb W
IAB Balfour Downs 1.26± 0.24 482.62± 18.09 7.9± 0.78 8.82± 0.46 < 0.06 5.9± 0.55 0.383± 0.056 0.677± 0.06
Toluca < 2.07 1084.25± 39.51 9.54± 4.71 8.36± 2.34 < 0.56 17.84± 1.18 0.96± 0.18 1.48± 0.48
< 1.94 659.31± 23.21 7.48± 2.94 7.41± 1.39 < 0.42 11.2± 0.74 0.75± 0.11 1.34± 0.3
< 2.38 774.52± 28.14 10.71± 4.26 5.66± 1.64 < 0.77 13.89± 0.99 0.65± 0.14 1.23± 0.38
2.02± 1.37 495.49± 22.65 8.15± 5.434 5.65± 2.62 < 0.42 7.55± 0.97 0.45± 0.17 1.1± 0.56
< 1.94 659.31± 23.21 7.48± 2.94 7.41± 1.39 < 0.42 11.2± 0.74 0.75± 0.11 1.34± 0.3
< 2.38 774.52± 28.14 10.71± 4.26 5.66± 1.64 < 0.77 13.89± 0.99 0.65± 0.14 1.23± 0.38
IIIAB Cape York < 1.25 276.97± 9.17 2.9± 0.69 8.49± 0.6 0.16± 0.074 0.69± 0.15
1.63± 0.39 280.08± 9.24 4.67± 0.67 7.61± 0.52 < 0.12 0.81± 0.13
Cape York Copenhagen 2.49± 0.37 698.8± 23.27 5.05± 0.85 10.86± 0.56 < 0.14 1.32± 0.51 0.293± 0.079 0.96± 0.1
1.59± 0.31 406.39± 13.56 4.39± 0.77 8.91± 0.48 < 0.14 1.35± 0.46 < 0.15 0.705± 0.082
Carthage 37.45± 2.37 2203± 133 < 0.45 0.93± 0.43 0.102± 0.068 < 0.03
154.73± 15.4 271.56± 29.17 1.95± 0.77 32.25± 1.71 1.19± 0.15 0.263± 0.043
Chulafinnee 0.99± 0.23 737.74± 25.72 2.69± 0.43 8.95± 0.45 < 0.06 < 1.12 < 0.09 1.234± 0.085
IVA Gibeon 36.07± 1.75 369.04± 13.13 < 7.41 8.2± 1.16 < 0.59 2.15± 0.48 0.527± 0.091 0.69± 0.2
< 1.88 207.31± 7.66 8.03± 2.97 4.64± 0.82 < 0.32 < 0.88 < 0.15 0.34± 0.16
1.97± 0.69 77.73± 3.29 < 5.98 6.40± 0.92 < 0.38 1.12± 0.39 < 0.136 0.42± 0.17
< 2.06 313.59± 11.21 < 7.34 7.23± 0.98 < 0.48 < 0.98 < 0.153 0.59± 0.19
Ungrouped Cambria 1± 0.17 540.41± 20.06 12.77± 1.01 7.9± 0.4 < 0.04 1.44± 0.34 0.285± 0.037 0.467± 0.043
Mbosi 0.74± 0.32 949.63± 31.69 8.51± 1.47 8.22± 0.78 < 0.05 12.76± 0.83 0.89± 0.17 1.05± 0.16
1.7± 0.37 1018.29± 34.03 6.78± 1.32 9.15± 0.8 < 0.08 15.7± 0.95 0.7± 0.16 1.27± 0.17
H6 Butsura 1232± 77 12.77± 3.87 6.74± 1.39 0.95± 0.28
1052± 67 8.71± 2.98 8.33± 1.22 0.29± 0.17 0.93± 0.23
72.4± 5.04 635.56± 54.64 8.65± 4.22 4.72± 1.58 0.41± 0.4 0.28± 0.23
H6 Ogi 7659± 238 1258± 54 10.35± 2.1 6.01± 1.02 0.12± 0.11 0.67± 0.2
L3.7 Mezo¨-Madaras 45.37± 12.08
Group Meteorite Ni (wt%) Ru Rh Pd Re Os Ir Pt
IAB Balfour Downs 18.11± 0.83 8.36± 0.39 1.669± 0.088 10.76± 0.44 0.419± 0.057 2.88± 0.16 2.7± 0.11 5.93± 0.25
Toluca 22.14± 0.97 30.03± 4.15 4.1± 0.8 19.52± 2.64 0.87± 0.46 6.58± 1.38 5.65± 0.74 10.66± 1.57
12.47± 0.54 16.95± 2.03 2.97± 0.47 10.75± 1.34 0.82± 0.3 6.29± 0.91 4.8± 0.48 9.21± 0.97
13.91± 0.61 17.06± 2.61 2.49± 0.54 11.38± 1.81 < 0.55 6.05± 1.14 4.59± 0.58 8.94± 1.23
11.08± 0.49 15.72± 3.86 2.81± 0.84 7.45± 2.23 < 0.37 3.89± 1.42 3.12± 0.7 6.55± 1.63
12.47± 0.54 16.95± 2.03 2.97± 0.47 10.75± 1.34 0.82± 0.3 6.29± 0.91 4.8± 0.48 9.21± 0.97
13.91± 0.61 17.06± 2.61 2.49± 0.54 11.38± 1.81 < 0.55 6.05± 1.14 4.59± 0.58 8.94± 1.23
IIIAB Cape York 15.94± 0.51 11.62± 0.64 2.8± 0.16 6.61± 0.4 0.275± 0.064 2.66± 0.21 3.17± 0.14 11.62± 0.49
14.58± 0.47 10.23± 0.56 2.62± 0.14 5.74± 0.35 0.279± 0.057 2.22± 0.18 3.35± 0.14 11.41± 0.46
Cape York Copenhagen 22.38± 0.74 21.14± 0.89 3.36± 0.17 10.08± 0.61 0.293± 0.064 2.66± 0.25 3.92± 0.19 14.79± 0.75
17.71± 0.58 12.4± 0.57 2.9± 0.15 6.35± 0.41 0.341± 0.058 3.12± 0.26 3.45± 0.16 10.74± 0.56
Carthage 16.90± 0.57 0.40± 0.25 0.12± 0.068 0.17± 0.16 < 0.03 < 0.04 < 0.01 < 0.03
19.91± 0.77 4.09± 0.39 0.72± 0.066 2.63± 0.32 < 0.06 < 0.11 0.077± 0.018 0.754± 0.093
Chulafinnee 20.92± 0.72 24.75± 1.17 3.51± 0.15 6.2± 0.29 0.837± 0.083 7.38± 0.37 8.1± 0.28 17.78± 0.63
IVA Gibeon 17.68± 0.58 6.8± 1 2.11± 0.28 8.39± 0.92 0.35± 0.14 3.18± 0.5 2.78± 0.25 6.67± 0.67
9.35± 0.30 5.63± 0.80 1.43± 0.22 3.99± 0.59 0.43± 0.14 2.29± 0.42 2.2± 0.21 5.98± 0.58
8.10± 0.27 3.38± 0.64 1.22± 0.19 4.40± 0.69 0.27± 0.13 3.00± 0.44 2.37± 0.21 5.92± 0.56
12.22± 0.40 5.13± 0.84 1.54± 0.24 4.58± 0.67 < 0.30 3.31± 0.53 2.54± 0.22 5.25± 0.56
Ungrouped Cambria 21.91± 0.84 5.3± 0.26 1.873± 0.084 13.08± 0.52 0.094± 0.033 0.895± 0.073 1.029± 0.047 2.72± 0.13
Mbosi 17.58± 0.57 17.84± 1.08 3.46± 0.24 13.26± 0.83 0.489± 0.099 3.88± 0.39 3.79± 0.23 8.38± 0.55
21.92± 0.71 19.82± 1.12 3.39± 0.23 16.19± 0.93 0.484± 0.099 4.57± 0.42 4.45± 0.25 9.69± 0.59
H6 Butsura 27.16± 1.21 16.71± 2.27 2.16± 0.37 14.59± 1.96 1.2± 0.38 8.02± 1.03 6.31± 0.56 22.69± 1.73
22.56± 1.02 16.3± 1.97 2.18± 0.32 13.18± 1.67 0.61± 0.26 5.94± 0.74 4.47± 0.4 14.56± 1.12
12.80± 0.72 8.69± 2.18 1.18± 0.37 8.06± 1.84 0.69± 0.35 7.16± 1.36 4.04± 0.59 9.63± 1.44
H6 Ogi 23.39± 0.80 8.5± 1.08 1.06± 0.19 10.49± 1.12 0.44± 0.16 3.73± 0.59 3.26± 0.3 6.17± 0.68
L3.7 Mezo¨-Madaras 29.97± 3.82 6.58± 0.97 1.36± 0.21 21.93± 2.63 11.25± 7.83 107.2± 36.14 22.01± 2.47 7.04± 0.72
Table 4.15: Trace elements in plessite and taenite measured by LA-ICP-MS.
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Figure 4.47: LA-ICP-MS trace elements composition of plessite iron meteorites.
Top: elemental abundances in ppm, elements are in order of increasing volatility.
Middle: elemental abundances normalised to CI. Bottom: elemental abundances
normalised to CI and Ni concentration in the sample.
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Figure 4.48: LA-ICP-MS trace elements composition of taenite in ordinary chon-
drites. Top: elemental abundances in ppm, elements are in order of increasing
volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration in the sample.
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Sulfides
Selenium is the most volatile trace element measured by LA-ICP-MS in this study,
with a 50% condensation temperature of 697 K (Lodders, 2003). Since it is strongly
chalcophile, it is present above detection limit in the sulfide only. The amount found
in the metal is negligible relative to the amount found in the sulfides. Troilite trace
elements data for seven iron meteorites and sphalerite data for two meteorites is
shown in Figure 4.49. The sulfide composition varies more widely than the kamacite
and plessite described above. Chromium content is particularly variable with lowest
abundances in sphalerite of Balfour Downs and Mbosi. In contrast, the troilite in
Balfour Downs is richer in chromium than in the other meteorites. Nickel content
varies between 30.41±0.95 ppm for Cape York Copenhagen troilite and 549±21 ppm
for Balfour Downs (Table 4.17). Three points in Balfour Downs and one point
in Cambria have larger Ni contents. Those are associated with larger P and Co
contents and due to the contamination of the sample by schreibersite and Fe-Ni
metal, both phases being Ni rich relative to troilite. Because nickel is a strong
siderophile and easily contaminated, it is not an ideal element for normalisation of
troilite. Selenium would be more appropriate but is the only trace strong chalcophile
measured here. The selenium content is largest in the IAB Balfour Downs, Nantan
and Patos de Minas with average values of respectively 148 ppm (if we discard the
contamined results), 162 ppm and 151 ppm; then in the IIIABs Cape York and
Carthage with respectively 106 ppm and 92 ppm; the ungroupeds Cambria with
78 ppm and Dronino is very depleted with 9 ppm. Then the sequence:
Dronino<Cambria<Carthage<Cape York<Balfour Downs<Patos de Minas<
Nantan,
is found, which translates, if we disregard the ungrouped meteorites, in: IIIAB<
IAB. The sphalerite of Balfour Downs has slightly less selenium than its troilite
counterpart with 126 ppm. Mbosi sphalerite has 111 ppm selenium.
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Sphalerite
Group Meteorite P S (wt%) Ti V Cr Mn
IAB Balfour Downs 8.07± 0.39 34.48± 3.55 6.06± 1.43 0.02± 0.01 0.04± 0.01 85.86± 20.79
Ungrouped Mbosi 7.98± 0.32 31.34± 4.30 3.60± 0.24 < 0.02 0.03± 0.01 17.85± 0.54
Group Meteorite Fe Co Ni Cu Se Mo
IAB Balfour Downs 21.84± 0.69 2.80± 0.12 3.02± 0.13 179.55± 28.23 126.39± 6.71 0.03± 0.02
Ungrouped Mbosi 26.24± 0.83 158.47± 4.91 519.49± 15.68 391.08± 15.96 110.76± 9.92 0.09± 0.03
Table 4.19: Trace elements in sphalerite measured by LA-ICP-MS. Elements Na,
Ca, Sc, Ge, As, Rb, Sr, Ru, Rh, Pd, In, Sn, Sb, Re, Ir, Pt, Au, Tl, W and Pb are
below the detection limits.
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Figure 4.49: LA-ICP-MS trace elements composition of troilite in iron meteorites.
Top: elemental abundances in ppm, elements are in order of increasing volatility.
Middle: elemental abundances normalised to CI. Bottom: elemental abundances
normalised to CI and Ni concentration in the sample.
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Phosphides
The schreibersite measured by LA-ICP-MS are the larger anhedral fractured in-
clusions as rhabdite are too small to be measured by this technique (beam size
of 80 µm). The composition of measured schreibersites in the four irons Balfour
Downs, Cambria, Patos de Minas and Mbosi are strikingly similar (Figure 4.50 and
Table 4.21). A small diﬀerence in Ge content is seen with:
Patos de Minas<Balfour Downs<Mbosi.
Because the compositions are very similar, an average schreibersite composition from
those four meteorites will be used in the calculation of the bulk trace elements con-
tents of the other meteorites containing schreibersite but for which the schreibersite
composition could not or was not measured on the sections.
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Figure 4.50: LA-ICP-MS trace elements composition of schreibersite in iron me-
teorites. Top: elemental abundances in ppm, elements are in order of increasing
volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration in the sample.
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Solution ICP-MS
Elements Li, Na, Mg, P, K, Ca, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, Se, Sr, Nb,
Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, Hf, W, Re, Os, Ir, Pt, Au and Pb have been
measured in sulfide fragments of 22 iron meteorites by solution-ICP-MS (Table 4.21).
Mundrabilla and Derrick Peak A78009 have been run twice but those can not be
considered repeat analysis because the material can be heterogeneous down to the
micrometre scale. The most refractory element measured is rhenium as with LA-
ICP-MS. The most volatile element measured is indium with a 50% condensation
temperature of 535 K. Indium is a chalcophile but very close to detection limit in
the samples. Average trace element abundances pattern normalised to CI are again
very similar, even for diﬀerent groups of iron meteorites (Figure 4.51).
Solution-ICP-MS is a more precise technique than LA-ICP-MS and has lower
detection limits. More elements, therefore, could be measured in the samples and
because synthetic standard solutions are used, there is no problem of finding a suit-
able volatile rich sulfide standard for the analysis. However, the material analysed
here can be highly heterogeneous even down to the micrometre scale, suggesting
these small samples might not be representative. The procedure for solution-ICP-
MS does not allow a strict control of the mineralogy of the sample selected. A larger
variation in the sulfide composition, therefore, is seen in the results due to sample
heterogeneity (Figure 4.51 and Table 4.21). The possible contaminants being:
i) Phosphorus from schreibersite, which is particularly likely when the sampling
occurs at the edge of a nodule next to a schreibersite rim (the schreibersite
might adhere to the sample).
ii) Nickel from schreibersite (containing up to 30-40 wt% Ni), from Ni-rich metal
from the nodule rim and as inclusion, like it is observed for Cape York Ag-
palilik, from Fe-Ni metal although the contribution from kamacite should be
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minimal as it only contains up to 7.5 wt% Ni and from sulfide weathering
products (see Chapter 3).
iii) Chromium can come from chromite (although the mineral shouldn’t dissolve in
aqua regia) but it is also present in daubre´elite so a large amount of chromium
can be found in pure sulfides.
iv) Other lithophiles (Na, Mg, Ca, etc...) from silicates inclusions when HF has
been used.
Eutectic nodules also contain Fe-Ni metal and sometimes schreibersite as part of
the eutectic texture, shock-melted samples are therefore treated separately in Chap-
ter 5. The distinction between shock-melted and unshocked is made using the nickel
content and the detailed published mineralogy description of Buchwald (1975) in
the meteorite studied (samples studied however can be diﬀerent from Buchwald’s
hence the use of the nickel concentration as a second criteria).
In order to identify the groups of elements with similar characteristics contribut-
ing to the measured compositions a principal component analysis was run on the
whole dataset of measured solution-ICP-MS sulfide compositions (Table 4.23). This
is an independent way to check whether there is something else than the heterogene-
ity of the samples and therefore the geochemical behavior (siderophile, lithophile and
chalcophile) contributing to the variability of the results. The results are shown in
Table 4.23. Thirty-eight principal components are necessary to account exactly for
the whole dataset (and 100% of the total observed variance) but the first six are al-
ready responsible for 75% of the total observed variance and are retained here. The
first principal component indicates the dominant correlations of the dataset which
involve phosphorus and predominantly siderophile elements: P, Co, Ni, Ga, Ge, Mo,
Ru, Rh, Pd, W, Re, Ir and Pt. These are furthermore anti-correlated with the chal-
cophile Se. The second principal component, indicating the second most important
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correlation, comprises mainly lithophile elements: Li, Na, Mg, K, Ca, Sc, Ti, Sr
and Hf which are again anti-correlated with the chalcophile Se. The third principal
component shows the following correlated group of elements: V, Cr, Cu, Se and Zn,
which are secondary chalcophiles except for Se which is a strong chalcophile. Note,
V, Cr and Zn are found in chromite and Cu is a primary siderophile.
Tieraco Creek, Waterville and Pallasovka have larger phosphorus contents with
respectively about 0.31, 0.61 and 0.70 wt% and nickel of 3.25, 4.23 and 8.16 wt%.
This is attributed to schreibersite contamination and correlated with a high cobalt
and gallium content. Since schreibersite is made of about 15 wt% phosphorus and
up to 47 wt% nickel in our EPMA measurements (Table 4.9 and 4.10), a Ni/P ratio
of up to 47/15 ≃ 3.13 is expected. The maximum ratio of 5.71 is reached for Ni3P.
The ratio of 11.66 in Pallasovka, 6.93 in Waterville and 10.48 in Tieraco Creek,
therefore, indicates that another mineral is contributing to nickel. This mineral
is likely plessite/taenite, the Ni-rich metallic phase found associated with troilite
in Cape York (see Esbensen and Buchwald (1982), Koeberl et al. (1986) and this
study Chapter 4, §4.3.2, “Ni-rich phase associated with troilite”, p. 138) or pent-
landite/heazlewoodite produced from terrestrial weathering (see Chapter 3). Patos
de Minas (IIAB), Carthage, Mundrabilla, Mertzon and Derrick Peak A78009 con-
tain chromium concentrations between 4.47 wt% for Patos de Minas and 1.37 wt%
for Mundrabilla. This is correlated with a high vanadium content and attributed
to the presence of daubre´elite, except for Mertzon which has noticeably higher Li,
Ti, V, Te concentrations and must have had a contribution from chromite. Campo
del Cielo and Sa˜o Joa˜o Nepomuceno have also been treated with HF to dissolve
silicate inclusions. They show large concentration of Li, Na, Mg, K, Ca, Sc, Ti and
Hf for Campo del Cielo and Li, Mg, Ca, Sc, Ti and Hf for Sa˜o Joa˜o Nepomuceno.
Pallasovka also shows a Li, Mg, Ca, Sc and Hf enrichment, this is caused by one
particular silicate mineral: olivine.
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Avoca, Toluca, Trenton, Sacramento Mountains, Thule, Uruac¸u, Djebel in Azzenne,
Augustinovka, Wonyulgunna, Grant, Duchesne, Pitts and Bogou have relatively
pure troilite with some oddities for Pitts which has a higher Te content similar to
Mertzon.
The diﬀerence of composition between groups is more subtle than the diﬀer-
ence caused by the presence of other phases. All the IIABs contain an appreciable
amounts of chromium. IIIABs have the lowest amounts of chromium in the troilite.
This is likely due to the oxidation state, Cr being more lithophile in the oxidation
conditions of the IIIABs. It is valuable to focus initially on the composition of me-
teorites that do not contain other minerals than troilite: Avoca, Toluca, Trenton,
Sacramento Mountains, Thule, Uruac¸u, Djebel in Azzenne, Augustinovka, Wonyul-
gunna, Grant, Duchesne, Pitts and Bogou. In those meteorites, vanadium and
manganese abundances are correlated with chromium with respective correlation
coeﬃcients of 0.93 and 0.73. Cobalt and nickel are correlated with a correlation co-
eﬃcient of 0.78. Selenium content is largest for IABs with a range of 133-204 ppm,
then IIIABs with 90-121 ppm, Brenham (pallasite) has 71 ± 5 ppm and Duchesne
(IVA) has 58 ± 4 ppm. The chromium rich IIAB sulfide from Patos de Minas,
Carthage and Derrick Peak A78009 has a range of 86-160 ppm. It is between the
IABs and IIIABs with an overlapping of the selenium contents. The sequences for
tin and tellurium are similar with respectively
IAB> IIAB> IIIAB> IVA>Pallasite,
and
IAB> IIAB= IIIAB>Pallasite> IVA.
Molybdenum contents also show diﬀerent ranges: IABs 1.95-3.94 ppm, chromium-
rich IIABs 3.71-6.10 ppm, IIIABs 5.21-7.49 ppm, Duchesne (IVA) 4.19 ppm and
Brenham (pallasite) 5.72 ppm. These ranges vary in the inverse order to selenium.
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like
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er
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e
con
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ect.
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th
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contain
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h
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ite
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ab
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2.1.
T
h
e
con
centration
in
ch
alcop
h
ile
elem
ents
is
still
rep
resentative
of
th
e
n
od
u
le
b
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/or
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d
o
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ot
contain
sign
ifi
cant
am
ou
nts
of
ch
alcop
h
ile
elem
ents.
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Figure 4.51: Median element abundances in sulfides of IAB, IIAB, IIIAB, IVA and
Pallasites, normalised to CI composition.
Li Na Mg P K Ca Sc Ti V Cr Mn Co Ni
PC1 -0.59 -0.57 -0.37 2.15 -0.47 -0.28 -0.48 -0.64 -0.13 0.63 -0.54 2.5 2.34
PC2 2.21 2.45 2.4 0.47 2.46 2.62 2.55 1.75 0.25 -0.03 1.07 0.57 0.51
PC3 0.54 -0.1 -0.33 -0.14 -0.17 -0.31 -0.22 1 1.49 1.66 0.52 -0.47 -0.6
PC4 0.09 0.28 0.2 -0.65 0.23 0.13 0.24 0.21 0.2 0.2 0.41 -0.52 -0.55
PC5 0.48 -0.19 -0.18 0.08 -0.18 -0.06 -0.11 0.44 0.02 -0.36 -0.06 0.26 0.35
PC6 0.06 0.01 0.03 0.3 -0.01 0.02 0.06 -0.16 -0.41 -0.34 -0.14 -0.04 -0.15
Cu Zn Ga Ge Se Sr Nb Mo Ru Rh Pd Ag Cd
PC1 (cont.) 0.14 -0.39 2.47 2.16 -1.4 -0.25 0.01 1.65 2.17 2.88 2.02 -0.15 0.69
PC2 (cont.) 0.16 0.75 0.34 -0.54 -1.04 2.16 0.31 -0.76 0.07 0.34 0.56 -0.26 -0.02
PC3 (cont.) 1.32 1.09 0.25 -0.29 1.15 -0.31 0.76 -0.48 0.85 0.15 -0.59 -0.13 -0.47
PC4 (cont.) 0.31 -1.24 0.13 -0.01 0.18 0.1 -0.31 0.05 0.74 0.1 -0.49 0.07 -0.22
PC5 (cont.) 0.84 -0.45 -0.14 0.33 0.39 -0.05 1.12 0.1 -0.4 0.03 0.48 0.01 0.37
PC6 (cont.) -0.38 0.01 0.05 0.26 0.29 -0.08 0.33 0.3 0.13 -0.01 -0.11 0.19 -1.17
In Sn Sb Te Hf W Re Os Ir Pt Au Pb
PC1 (cont.) 0.62 0.33 0.96 -0.71 0.33 1.92 2.53 0.43 2.33 2.5 -0.22 0.12
PC2 (cont.) 1.03 0.08 -0.02 -0.52 2.42 0.42 0.17 -0.09 0.06 0.09 -0.18 0.11
PC3 (cont.) 0.81 0.85 -0.5 0.96 -0.4 0.24 0.6 -0.42 0.74 0.62 0.19 0.73
PC4 (cont.) -1.12 -1.34 -0.35 -0.19 -0.3 0.28 0.57 -0.11 0.7 0.6 0.14 -1.44
PC5 (cont.) 0.44 -0.75 0.41 0.83 0.11 0.13 -0.24 0.33 -0.35 -0.28 0.14 -0.65
PC6 (cont.) 0.27 0.03 -1.06 0.3 0.31 0.36 0.08 0.56 -0.01 -0.07 0.08 -0.08
Table 4.23: Principal component analysis of elemental abundances showing the six
most important principal components (PC1 to PC6), responsible for 75% of the
total variance. Statistically significant results are highlighted in bold. Elements
whose PC values share the same sign are correlated, those with opposite signs are
anti correlated.
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4.4 Discussion
4.4.1 Bulk elemental compositions and volatile depletion
patterns in chondrites and iron meteorites
Models and modality of volatile depletion
Depletion of moderately volatile elements, condensing between 1350 and 650 de-
grees K, in chondrites has been evidenced by Anders (1964) and Wasson and Chou
(1974). Anders (1964) proposed a two components model with complementarity of
chondrules and matrix, the matrix being made of fine-grained volatile-rich material
and chondrules of coarser grained volatile depleted reheated material. Wasson and
Chou (1974)’s model consists of a volatile loss through gas loss during condensation
in the solar nebula. Cassen (2001) showed through modeling that a hot nebula where
all silicate is evaporated and the more refractory elements coagulated is consistent
with the moderately volatile elements pattern observed in chondrites. However, Yin
(2005) suggests that the volatile depletion is inherited from interstellar dust. He
shows that astronomical observations indicate progressive enrichment of moderately
volatile elements in the interstellar gas phase which implies a progressive depletion
in the interstellar grains.
Bland et al. (2005) measured the trace element composition in matrix and chon-
drules of carbonaceous chondrites. They observed that moderately volatile lithophile
elements are similar for matrix and bulk composition in chondrites, but siderophile
and chalcophile moderately volatile elements are enriched in the matrix relative to
the bulk and chondrules depleted with a matrix/chondrule complementarity. They
conclude that the volatile depletion must be present before the chondrule formation
process, but separation of metal and sulfide liquid from silicate melt during chon-
drule formation has caused further partitioning of the siderophile and chalcophile
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elements in chondrules with those elements being retained in the matrix. In the
model of Cassen (2001) the most volatiles elements remain in gaseous form and
are accreted unto the Sun after the planetesimals have formed and decoupled from
the gas (which happens when they reach kilometric sizes).Boss and Goswani (2006)
underlined that in this scenario it is necessary that the nebula be hot enough to
keep the volatile elements in the gas phases in large regions, which would limit mass
accretion rates to a maximum of about 10−7 terrestrial mass per year, but this could
be suﬃcient for planetesimals to form.
Boss and Goswani (2006) pointed out that to coagulate materials of diﬀerent
composition the nebula then needs to remain spatially heterogeneous for a least
a small portion of the solar nebula lifetime, which is not necessarily fulfilled in
current models of solar nebula dynamics due to turbulences. However, primitive
rocks formed in the inner solar system are heterogeneous, several chondrites groups
with diﬀerent compositions are distinguished. Abundances of water ice and carbon
bearing organic material during accretion could play a role, as well as proportions
of accreted chondrules, matrix and metal grains. Recent evidence suggests that
the composition of the bulk silicate Earth is diﬀerent to chondrites (Campbell and
ONeill, 2012). Kelly and Larimer (1977) found diﬀerences in siderophile elements
content in iron meteorites. They link those diﬀerences to diﬀerent parent-body histo-
ries and accretion conditions in the solar nebula. Determining the bulk trace element
composition of iron meteorites is of interest for defining the nature of precursor ma-
terials. This requires that moderately volatile chalcophile elements concentrated in
the sulfide inclusions that distributed throughout the meteorite be taken into ac-
count. Abundances of sulfur in iron meteorites measured by point counting of sulfide
minerals on large sections and slabs by Buchwald (1975) gives values between 0.02%
and 12 wt%. Chabot and Haack (2004) modelled the sulfur content of the parent-
magma using partitioning coeﬃcients of Au, Ga, Ge and Ir and found 12 wt% sulfur
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for IIIAB, 17 wt% for IIAB and 3-9 wt% for IVA. Indeed the S content of the melt is
an important parameter that controls partitioning coeﬃcients between solid metal
and liquid; as well as the sulfide liquid being the phase where chalcophile elements
are concentrated. And because troilite starts to condense at 704 K in a gas of solar
system composition, chalcophiles tend to be moderately to highly volatile elements.
Volatile depletion patterns in chondrites
Wasson et al. (1988) have published a compilation of elemental abundances for
carbonaceous, ordinary and enstatite chondrites and discuss the significance of the
various depletions of volatile elements in the context of the solar nebula. The volatile
depletion patterns for those chondrites are shown in Figure 4.52. As noted byWasson
et al. (1988), the carbonaceous and ordinary chondrites have diﬀerent depletion
patterns in siderophile elements. CI chondrites are near unity, in good agreement
with values of Lodders 2003, except for a W enrichment and Ir depletion that is
common to all the carbonaceous chondrites but doesn’t aﬀect ordinary chondrites.
CM, CV and CO respectively show greater and greater levels of volatile depletion.
LL are less depleted than L and H which show similar levels of depletion. EH is
akin to carbonaceous chondrites and EL is akin to Ordinary chondrites.
What stands out for ordinary and enstatite chondrites are greater depletion of
Ag, Pb and Cd. In Lodders (2003)’s model, Cd starts condensing in enstatite
from 1316 K and then in troilite from 704 K, with a 50 % temperature of 652
K. This means Cd is amongst the most volatile lithophiles and moderately volatile
chalcophiles. If a volatile depleted starting material with a simple monotonic pattern
is considered, thermal processing of silicates in chondrules could result in further loss
of Cd which would explain it is more depleted than the chalcophile volatile In.
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Figure 4.52: Volatile depletion pattern of carbonaceous (CI, CM, CO and CV),
ordinary (H, L and LL) and enstatite chondrites (EH and EL) in the siderophile and
chalcophile elements studied in this thesis. Elemental abundances are from Wasson
et al. (1988), 50 % condensation temperatures in a gas of solar nebula composition
from Lodders (2003).
Volatile depletion patterns in iron meteorites
In a gas of solar-system composition, sulfur condenses at 704 K (Lodders, 2003)
to form troilite. Other highly volatile elements follow and diﬀuse into the troilite
(Table 4.24). Those elements are strong chalcophiles. By taking into account the
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composition of the metal and sulfides, the bulk concentration of siderophile and chal-
cophile elements of the iron meteorites is calculated. The bulk composition varies
as a function of the measured composition of the phases and their relative propor-
tions. Bulks are calculated from the LA-ICP-MS results and the solution-ICP-MS
results of Section 4.3.4. The lithophile elements Na, Ca, Cr, V, Ti and Mn are
not considered because their depletion relative to CI and Ni is due to preferential
partitioning into chromite and the silicate mantle of the parent-body. The normal-
ized bar plots showing the contribution of each element into the calculated bulk are
shown in Appendix C.
Element Phase TC (K) 50% TC (K)
S Troilite 704 664
Se Troilite 697
Cd Enstatite + troilite 652
In Troilite 536
Tl Troilite 532
Hg Troilite 252
Table 4.24: 50% Condensation temperatures of chalcophiles elements in a gas of
solar nebula composition from Lodders (2003).
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Average per group are considered instead of individual meteorites because its
diﬀerences in group compositions that could be related to solar nebula processes
(Scott, 1972).
LA-ICP-MS results
For the LA-ICP-MS results, the kamacite, plessite, schreibersite and troilite trace
elements compositions are used to calculate the bulk trace element compositions
of the iron meteorites studied. The modal mineralogy is calculated from the pub-
lished bulk concentrations and measured composition of the kamacite and plessite
(§ 4.3.3). Two bulk compositions are then calculated. In bulk 1, sulfur and phospho-
rus abundances from the literature are used to determine the percentage of troilite
and schreibersite. In bulk 2, the system is constrained to 10 wt% troilite and 5
wt% schreibersite. The results are normalised to a total of 100 wt% and given in
Table 4.25. Note that 10 wt% troilite is an underestimate for some of the IAB irons,
San Cristobal has 11.1 wt% troilite, Mundrabilla 22.2 wt% and Pitts 26.9 wt%
(Buchwald, 1975), the percentage of troilite used in bulk 2 is therefore probably
an underestimate for the IAB parent-magma. Each meteorite is normalized to the
bulk nickel abundance and CI chondrite composition. An average for each group
is calculated and the elemental abundances of siderophile and chalcophile elements
plotted with elements by order of increasing volatility and decreasing 50% condensa-
tion temperature in a gas of solar nebula composition from Lodders (2003). Balfour
Downs, Nantan, Patos de Minas (hex.) and Toluca give the average for IABs; Cape
York and Carthage the average for IIIAB and Cambria, Dronino and Mbosi are
the ungrouped. For clarity the ungrouped meteorites have been plotted together,
however they likely represent diﬀerent parent-bodies.
Bulk 1 is shown in Figure 4.53 and bulk 2 in Figure 4.54. Bulk 2 shows less
depletion than bulk 1 due to the larger amount of troilite used in the calculation
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since the most volatile elements are chalcophiles, but the diﬀerence is not significant.
The plots show a plateau of the refractory elements from Re to Au which have a
composition similar to CI chondrites. There is a depletion of moderately volatile
elements down to slightly more than 0.1 CI for IIIABs. Cd and In are strongly
depleted. The moderately volatile elements depletion is greater than what has been
observed in carbonaceous chondrites (Larimer and Anders (1967) and Bland et al.
(2005)). The volatile depletion is stronger in iron meteorites than in chondrites both
for bulk 1 and bulk 2, which could indicate that the iron meteorite parent-bodies
formed at lower heliocentric distances than the chondrite parent-bodies. The higher
depletions in Ag, Cd and Pb (and to a lesser extent in Cu and Sb) are seen both in
the ordinary chondrites and in the iron meteorites but with greater depletion in the
irons. The process responsible for the depletion of those elements, perhaps related
to chondrule formation, was therefore amplified at lower heliocentric distance. If
those elements were more volatile than the model of Lodders 2003 predicts, they
should also be depleted in carbonaceous chondrites but this isn’t the case.
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Bulk 1
Group Meteorite
Kamacite
(wt%)
Plessite
(wt%)
Troilite
(wt%)
Sphalerite
(wt%)
Schreibersite
(wt%)
Schreibersite
IAB Balfour Downs 78.85 18.53 1 0.05 1.64 Measured
Nantan 98 1 1 Av.
Patos de Minas (hex.) 98 1 1 Measured
Toluca 77.30 19.81 1.93 1.05 Av.
IIIAB Cape York Agpalilik 85.78 9.71 3.71 0.98 Av.
Cape York Copenhagen 92.99 2.58 3.58 0.98 Av.
Carthage 88.14 9.57 1 1.31 Av.
Ungrouped Cambria 74.58 17.62 4.95 3.28 Measured
Dronino 95.9 4.10 Av.
Mbosi 83.38 15.90 0.05 0.72 Measured
Bulk 2
Group Meteorite
Kamacite
(wt%)
Plessite
(wt%)
Troilite
(wt%)
Sphalerite
(wt%)
Schreibersite
(wt%)
Schreibersite
IAB Balfour Downs 70.16 16.49 10 0.05 5 Measured
Nantan 85 10 5 Av.
Patos de Minas (hex.) 85 10 5 Measured
Toluca 68.95 17.67 10 5 Av.
IIIAB Cape York Agpalilik 77.64 8.78 10 5 Av.
Cape York Copenhagen 84.10 2.34 10 5 Av.
Carthage 78.20 8.49 10 5 Av.
Ungrouped Cambria 69.57 16.44 10 5 Measured
Dronino 85 0 10 5 Av.
Mbosi 79.96 15.24 0.05 5 Measured
Table 4.25: Modal mineralogy used in the calculations of the bulk trace element
compositions of the meteorites studied. In the cases Nantan, Toluca, Cape York
Agpalilik, Cape York Copenhagen, Carthage and Dronino the schreibersite has not
been measured. Thus, their schreibersite composition was taken to be the aver-
age schreibersite (denoted Av.) calculated from Balfour Downs, Patos de Minas,
Cambria and Mbosi.
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Figure 4.53: Bulk1 LA-ICP-MS: Group averages of calculated bulk compositions of
the iron meteorites studied by LA-ICP-MS, troilite and schreibersite abundances
from the literature. Top: elemental abundances normalised to CI composition and
nickel content vs. elements by order of increasing volatility. Bottom: elemental
abundances normalised to CI composition and nickel content vs. 50% condensation
temperatures from Lodders (2003). Cd and In results for IABs and IIIABs are from
solution-ICP-MS work carried respectively on Toluca and Cape York. Ordinary
chondrites (OC), CM and EL abundances are from Wasson et al. (1988).
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Figure 4.54: Bulk 2 LA-ICP-MS: Group averages of calculated bulk compositions of
the iron meteorites studied by LA-ICP-MS, with 10% troilite and 5% schreibersite.
Top: elemental abundances normalised to CI composition and nickel content vs.
elements by order of increasing volatility. Bottom: elemental abundances normalised
to CI composition and nickel content vs. 50% condensation temperatures from
Lodders (2003). Cd and In results for IABs and IIIABs are from solution-ICP-MS
work carried respectively on Toluca and Cape York. Ordinary chondrites (OC), CM
and EL abundances are from Wasson et al. (1988).
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Solution-ICP-MS results
For the solution-ICP-MS results, the sulfide trace element compositions are used
with bulk metal literature data to calculate the bulk composition of the meteorites.
The modal mineralogy from Buchwald (1975) is used, a conservative 1 wt% of troilite
is used when no literature data is available. If the sample contains ubiquitous rhab-
dite some schreibersite might be included in the bulk metal composition from the
literature but schreibersite composition is not accounted for like in the LA-ICP-MS
bulks. Siderophile elements that partition preferentially into schreibersite are there-
fore not plotted. Bogou, Campo del Cielo, Mertzon, Mundrabilla, Pitts, Toluca,
Uruac¸u and Waterville give the average for IABs; Derrick Peak A78009 and Patos
de Minas (oct.) the average for IIABs; Augustinovka, Avoca, Carthage, Djebel in
Azzenne, Grant, Sacramento Mountains, Thule, Tieraco Creek, Trenton, Wonyul-
gunna and Youanmi the average for IIIABs; Duchesne and Sa˜o Joa˜o Nepomuceno
the IVAs and Brenham and Pallasovka the average for the pallasites.
Figure 4.55 and 4.56 show respectively the results for bulk 1 and bulk 2. The
plots show a plateau of the refractory elements and depletion of the more volatiles.
IVAs are the group that show the greater depletion while the IABs, IIABs, IIIABs
and pallasites overlap. The volatile depletion patterns shows successive plateaus
similar to what has been described by Anders (1964) and Larimer and Anders (1967)
for chondrites, although the plots with 50% condensation temperatures instead of
element names give a smoother curve which suggests that the element plots distort
the data to give the appearance of plateaus. Indeed, points that are equidistant on
the x axis on a plot with element names can be very close on the 50% condensation
temperature plots. On abundance versus 50% condensation temperature plots the
volatile depletion pattern shows a continuous decrease in volatile elements. The
results are very consistent with those obtain from LA-ICP-MS analysis.
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Group Meteorite Bulk 1 Bulk 2 Reference
S
(ppm)
Troilite
(wt%)
Metal
(wt%)
Troilite
(wt%)
Metal
(wt%)
IAB Bogou 20000 5.56 94.4 10.0 90.0 Wasson and Kallemeyn (2002)
Campo del Cielo 4000 1.11 98.9 10.0 90.0 Wasson and Kallemeyn (2002)
Mertzon 14000 3.89 96.1 10.0 90.0 Wasson and Kallemeyn (2002)
Mundrabilla 80000 22.22 77.8 22.2 77.8 Wasson and Kallemeyn (2002)
Pitts 97000 26.94 73.1 26.9 73.1 Wasson and Kallemeyn (2002)
Toluca 7000 1.94 98.1 10.0 90.0 Wasson and Kallemeyn (2002)
Uruac¸u 1.00 99.0 10.0 90.0 Wasson and Kallemeyn (2002)
Waterville 30000 8.33 91.7 10.0 90.0 Wasson and Kallemeyn (2002)
IIAB Derrick Peak A78009 1.00 99.0 10.0 90.0 Clarke (1982)
Patos de Minas (oct.) 1.00 99.0 10.0 90.0 Connolly et al. (2008)
IIIAB Augustinovka 9200 2.56 97.4 10.0 90.0 Wasson (1999)
Avoca 1.00 99.0 10.0 90.0
Buchwald (1975), McCall (1968),
de Laeter et al. (1972)
Carthage 1.00 99.0 10.0 90.0
Kracher et al. (1980), Buchwald
(1975)
Djebel in Azzenne 1.00 99.0 10.0 90.0 Wlotzka (1991)
Grant 5900 1.64 98.4 10.0 90.0 Wasson (1999)
Sacramento Mountains 1.00 99.0 10.0 90.0
Buchwald (1975), Moore et al.
(1969), Wasson and Kimberlin
(1967), Goldberg et al. (1951)
Thule 250 0.07 99.9 10.0 90.0
Buchwald (1975), Scott et al.
(1973), Buchwald (1961)
Tieraco Creek 16000 4.44 95.6 10.0 90.0 Wasson (1999)
Trenton 4600 1.28 98.7 10.0 90.0 Wasson (1999)
Wonyulgunna 1.00 99.0 10.0 90.0 Wasson (1999)
Youanmi 5000 1.39 98.6 10.0 90.0 Buchwald (1975), Reed (1972)
IVA Duchesne 1.00 99.0 10.0 90.0 Wasson and Richardson (2001)
Sa˜o Joa˜o Nepomuceno 1.00 99.0 10.0 90.0 Wasson and Richardson (2001)
Pallasite Brenham 1.00 99.0 10.0 90.0
Yang et al. (2010), Wasson and
Choi (2003)
Pallasovka 1.00 99.0 10.0 90.0 Connolly et al. (2006)
Table 4.26: Calculation of the bulk composition for sulfide solution-ICP-MS results.
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Figure 4.55: Bulk 1 Solution-ICP-MS: Group averages of calculated bulk composi-
tions of the iron meteorites studied by Solution-ICP-MS, troilite abundances from
the literature. Top: elemental abundances normalised to CI composition and nickel
content vs. elements by order of increasing volatility. Bottom: elemental abundances
normalised to CI composition and nickel content vs. 50% condensation tempera-
tures from Lodders (2003). Ordinary chondrites (OC), CM and EL abundances are
from Wasson et al. (1988).
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Figure 4.56: Bulk 2 Solution-ICP-MS: Group averages of calculated bulk composi-
tions of the iron meteorites studied by Solution-ICP-MS, with 10% troilite. Top:
elemental abundances normalised to CI composition and nickel content vs. elements
by order of increasing volatility. Bottom: elemental abundances normalised to CI
composition and nickel content vs. 50% condensation temperatures from Lodders
(2003). Ordinary chondrites (OC), CM and EL abundances are from Wasson et al.
(1988).
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4.4.2 Pallasites and the missing sulfur liquid
The refractory element Ir is below the plateau of the refractories and particularly
shows 2 orders of magnitude depletion in metal (Figure 4.45) and bulk composition
(Figure 4.55 and 4.56) of pallasites. Ir is a compatible element and will be concen-
trated in the first solids crystallized within metallic cores, the metal in pallasites is
therefore from an evolved melt formed as a residue after partial crystallisation of the
core (Wasson and Choi, 2003). This is consistent with the interpretation made on
mineralogic grounds that these represent core mantle boundary materials. Chabot
(2004) also found an increase of 3 orders of magnitude in the experimental partition
coeﬃcient of Ir between solid metal and liquid metal with increasing S abundance
from 0 to 0.4 wt% S. The Ir content of irons, therefore, can provide a proxy for
degree of fractionation and its abundance is modified from the nebular inventories
produced by condensation. Nickel being an incompatible element, the normalisation
of the data to nickel should correct for a more or less fractionated magma. Iridium
is however more strongly incompatible than nickel is compatible. Wasson and Choi
(2003) classify Brenham and Pallasovka as main group pallasites and note that their
metal is similar in composition to evolved IIIAB magma containing >100 mg/g S.
Wasson and Choi (2003) also described a volatile enrichment of the pallasites in
Ga and Ge, probably from a gas phase. Chabot and Haack (2004) note however
that Ge changes from incompatible element in solid metal to compatible element
when the sulfur content of the magma increases. Pallasites show the same depletion
of moderately volatile elements than IIIABs in this study. The strongly volatile
In is also similar in bulk 1 (Figure 4.55) but an In enrichment of over one order
of magnitude is found in bulk 2 (4.56). This is because all the In is present in
the troilite phase in our calculations and bulk 2 contains more troilite. Although
bulk 1 represents the average observed sulfide abundance in the meteorites of about
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1 wt% troilite, bulk 2 with 10 wt% is probably closer to the liquid sulfide abundance.
Bulk 2 is even an underestimation if the value given by Wasson and Choi (2003) of
100 mg/g S (27 wt% troilite) is considered. This bulk however corresponds to an
already evolved magma and only the primary parent-magma composition is relevant
to study the bulk composition in siderophiles and chalcophiles of the parent-body
and therefore consider the composition of material accreted in the solar nebula. The
moderately volatile element selenium in the troilite is less abundant than average
IIIAB content. Table 4.21-4.22 gives 11 ppm of selenium for Pallasovka and 71 ppm
for Brenham versus a range of 90 to 121 ppm for the IIIABs. This is in agreement
with what is observed in Figure 4.58: there is overall a lower selenium abundance in
the troilite of meteorites with a higher nickel content, which come from more evolved
magmas. More details are given in the subsection 4.4.3. The moderately volatile
elements composition is therefore consistent with an evolved IIIAB melt and shows
a similar level of depletion to the IIIABs.
Only two sulfide rich pallasites are known (Phillips County and Hambleton),
which is in contrast with the calculated 10 wt% sulfur (27 wt% troilite) of the evolved
IIIAB/pallasite melt of Wasson and Choi (2003). An inconsistency of predicted
parent-magma sulfide content and actual sulfide content observed in the rock also
exists for other iron meteorite groups (Chabot and Haack, 2004). This has been
attributed to the fact that meteorites with a large sulfide content would be more
fragile and more likely to be ablated during terrestrial atmospherical entry (Kracher
and Wasson, 1982). Ulﬀ-Møller et al. (1998) studied a large slab of the pallasite
Esquel and propose that the low sulfide content could be explained by a FeS liquid
having escaped. This is a very plausible explanation if put into context with the
conditions described on the pallasites parent-body by Wasson and Choi (2003):
they describe a porous mantle, suggests the presence of a volatile rich gas phase
and calculate a temperature of 1600 degrees K for the liquid, which is lower than
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the melting temperature of olivine and explain why the olivine crystals have been
preserved. Furthermore, the density of liquid FeS is smaller than liquid metal.
Nishida et al. (2011) give a density of between 3.7 and 4.7 g/cm3 for liquid FeS with
respectively 0 to 3.8 GPa of pressure, which would be found at a depth of about 150
km on Earth. Nishida et al. (2011) also finds a melting temperature of about 1750
degrees K for pure FeS at 3.8 GPa of pressure. The density would be even lower if
the sulfide is present in a gas phase. Petaev and Marvin (1996) and Petaev et al.
(1996) found vugs with sulfide spheroids respectively in the meteorites Albion and
Gibeon which they attribute to presence of a gas phase moving through the core of
the IVA parent- body (this would be diﬀerent to sulfide fluid in the mantle but the
IVA parent-body is peculiar and thought to have been stripped of its mantle early
in its history as IVAs show high metallographic cooling rates (Yang et al., 2008)).
Furthermore, asteroids have potentially been submitted to large impacts early on in
their history (heavy late bombardment) that could have caused extensive fracturing.
On Earth, low temperature low viscosity last crystallization liquids often escape
through fractures and form veins of pegmatites. Sulfides could then be lost through
volcanism by formation of H2S gas or crystallize within the porous mantle. Indeed,
sulfur is also found in achondrites and lunar and martian basalts, with selenium
contents between 25 and 125 ppm (Papike et al., 2011). Furthermore, measured
sulfur isotopic abundances in achondrites (Rai and Thiemens, 2005) are similar to
those measured in troilite of magmatic iron meteorites (Antonelli et al., 2012), both
showing a 33S enrichment relative to non-magmatic irons, chondrites and terrestrial
standards.
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4.4.3 Selenium content and selenium sulfur ratio
Selenium is a strongly chalcophile element. Mason and Graham (1970) note that it is
the only element that in chondrites is found only in troilite and not in other minerals.
They give an average Se concentration of 130 ppm in troilite of chondrites based on
the bulk 8 ppm measurement of DuFresne (1960) and troilite abundance. Kracher
et al. (1988) measured for troilite 97±6 ppm in Cape York, 87±9 ppm in Henbury,
150±20 ppm in Uden and 140 ppm in H chondrites (in poster of Meteoritical Society,
Kracher (2006)). The iron meteorites studied range from 8 ± 3 ppm for Dronino
(Ungrouped) to 169 ± 3 ppm for Mertzon (IAB). This range therefore overlaps
ordinary chondrite compositions. Measured selenium contents and published values
are given in Table 4.27. IABs have the largest range of selenium content. IIABs
have a similar average selenium content to IABs with about 150 ppm, IIIABs are
lower with 100 ppm and IVAs and the pallasites the lowest with about 50 ppm. A
plot of the bulk S content versus bulk Ni content (Figure 4.57) does not show a
particular trend. In the meteorites studied, IABs have the highest sulfur contents,
varying by an order of magnitude. IIABs and IVAs have the lowest. IIIABs overlap
with IABs but have a lower average and maximum content. Selenium has a 50%
condensation temperature very close to that of sulfur, 697 K for Se versus 664 K
for S in a gas of solar-system composition and its host phase during condensation is
troilite (Lodders, 2003). The selenium concentration in sulfides of iron meteorites
is greater than those of the more volatile chalcophiles In and Cd (see Table 4.21),
Tl (below detection limit here both for LA-ICP-MS and solution-ICP-MS) and Hg
which cannot be measured with the ICPMS. Furthermore its concentration is on the
order of 10-100 ppm, making it easy to measure accurately via both Solution-ICP-
MS and LA-ICP-MS.
Some fragments of sulfide nodules analyzed by Solution-ICP-MS contained in-
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soluble inclusions of graphite and/or chromite. In those cases the measured con-
centration for chalcophile elements like Se are lower than the concentration in the
troilite due to a dilution eﬀect. Indeed the concentration is calculated from the
mass of the sample which includes troilite and any inclusion it contains, the mass
of the sample is therefore greater than the mass of sulfide. The Campo del Cielo
and Waterville samples contained appreciable amounts of graphite and/or chromite.
Toluca, Uruac¸u, Augustinovka, Carthage, Tieraco Creek, Youanmi and Duchesnes
also contained those insolubles but in lower amounts (see Table 2.1). Therefore Se-
lenium concentration in those meteorites are not used in this paragraph. In the case
of low amount of insoluble inclusions, the Selenium concentration might still give a
reasonable estimate. Indeed, analysis of Selenium in Carthage gives 92± 5 ppm by
LA-ICP-MS and by 86± 6 ppm Solution-ICP-MS.
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Figure 4.57: Bulk sulfur content versus bulk nickel content in the iron meteorites
studied.”*”:contains low amount of insoluble inclusions, ”**”:contains large amount
of insoluble inclusions therefore the Selenium content is underestimated.
Sulphide Selenium content
On a plot of sulfide selenium content versus bulk nickel content (Top of Figure 4.58),
IABs and IIABs show relative high Se - low Ni abundances. IIIABs have average
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Troilite
Group Meteorite
Bulk Ni
(wt%)
Bulk S
(ppm)
Sulfide
Se (ppm)
Technique for
measurement of Se
IAB Bogou* 7.33 a 20000 b 157± 4 Solution-ICP-MS
Campo del Cielo** 6.81 a 4000 b 48± 3 Solution-ICP-MS
Canyon Diablo 6.93 a 10000 b 120± 20 r SXRF
Four corners 9.17 a 105± 15 r SXRF
Gladstone 6.48 a 11000 b 145± 20 r PIXE
Mertzon 9.24 a 14000 b 169± 3 Solution-ICP-MS
Mundrabilla 7.66 a 80000 b 100± 7 Solution-ICP-MS
Nantan 6.88 a 163± 11 LA-ICP-MS
Patos de Minas (oct.) 5.50 b 152± 10 LA-ICP-MS
Pitts 12.71 a 97000 a 204± 6 Solution-ICP-MS
San Cristobal 25.21 a 40000 b 185± 25 r SXRF
Toluca* 8.02 a 7000 b 138± 10 Solution-ICP-MS
Uruac¸u* 6.43 a 133± 10 Solution-ICP-MS
Waterville** 7.66 a 30000 b 19± 1 Solution-ICP-MS
Wichita county 6.79 a 12000 b 150± 20 r PIXE
IIAB Ainsworth 6.00 b 700 b 130± 20 r PIXE
Derrick Peak A78009 6.59 d 157± 4 Solution-ICP-MS
Patos de Minas (hex.) 8.30 g 121± 2 Solution-ICP-MS
Sikhote-Alin 5.91 b 2800 b 100 s IRNAA
IIIAB Acun˜a 99± 7 Solution-ICP-MS
Augustinovka* 9.33 h 9200 b 100± 7 Solution-ICP-MS
Avoca 8.77 b, i, j 95± 7 Solution-ICP-MS
Cape York Agpalilik (NHM) 8.31 h 13500 b 98 Solution-ICP-MS
Cape York Agpalilik 8.31 h 13500 b 38− 92 t Mass spectrograph
Cape York (Copenhagen) 7.84 h 11950 b 107± 10 LA-ICP-MS
Cape York 7.84 h 11950 b 110± 15 r SXRF
Carthage* 8.30 b, k 86± 6 Solution-ICP-MS
Carthage 8.30 b, k 92± 5 LA-ICP-MS
Djebel in Azzenne 10.30 l 101± 7 Solution-ICP-MS
Grant 9.41 h 5900 b 91± 2 Solution-ICP-MS
Sacramento Mountains 8.01 h 121± 3 Solution-ICP-MS
Thule 8.40 h 250 b 90± 2 Solution-ICP-MS
Tieraco Creek* 10.35 h 16000 b 40± 1 Solution-ICP-MS
Trenton 8.35 h 4600 b 100± 2 Solution-ICP-MS
Wonyulgunna 9.32 h 137± 4 Solution-ICP-MS
Youanmi* 7.90 h 5000 b 40± 3 Solution-ICP-MS
IIIC Carlton 13.30 b 170 b 175± 25 r PIXE
IVA Duchesne* 9.27 q 58± 4 Solution-ICP-MS
Sa˜o Joa˜o Nepomuceno 8.03 q 18± 1 Solution-ICP-MS
Ungrouped Cambria 10.40 b 18000 b 79± 4 LA-ICP-MS
Dronino 9.81m 15000m 8± 3 LA-ICP-MS
Pallasites Brenham 10.98 n, o 71± 5 Solution-ICP-MS
Pallasovka 13.10 p 11± 1 Solution-ICP-MS
Sphalerite
Group Meteorite
Bulk Ni
(wt%)
Bulk S
(ppm)
sulfide Se
(ppm)
Technique for
measurement of Se
IAB sLL Balfour Downs 8.39 b 126± 7 LA-ICP-MS
Ungrouped Mbosi 8.74 b 145 b 111± 10 LA-ICP-MS
Table 4.27: Ni, Se and S concentrations in meteorites studied. References, a: Wasson
and Kallemeyn (2002), b: Buchwald (1975), c: Scott and Wasson (1975), d: Clarke (1982), e:
Lewis and Moore (1971), f: Henderson and Perry (1953), g: Connolly et al. (2008), h: Wasson
(1999) i: de Laeter et al. (1972), j: McCall (1968), k: Kracher et al. (1980), l: Wlotzka (1991), m:
Russell et al. (2004), n: Wasson and Choi (2003), o: Yang et al. (2010) p: Connolly et al. (2006),
q: Wasson and Richardson (2001), r: Sutton et al. (1987), s: Weinke et al. (1986), t: Jochum et al.
(1975).
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Se - average Ni contents. Pallasites have unexpectedly low Se (and low S) - high
Ni contents. The IVA studied has average Ni content but low Se content. In gen-
eral, within a given magmatic group, a higher selenium abundance in the troilite of
meteorites with a higher nickel content which comes from more evolved magma is
expected. Selenium is a strong chalcophile and crystallises according to the same
process as sulfur which is enriched in the liquid as fractional crystallization pro-
gresses. Before liquid immiscibility is reached, sulfide from the liquid is probably
trapped in the meteorites between dendrites (trapped melt theory of Esbensen and
Buchwald (1982)) during their cristallisation. Fractionation between Se and S is
therefore not expected and the Se content of sulfide should remain the same at least
until liquid immiscibility is reached; minus possibly very small amounts of Se incor-
porated in solid metal as fractional crystallization progresses. This Se would then
diﬀuse into the troilite by volume diﬀusion until the closure temperature is reached,
leaving the virtually Se free metal that is observed (concentration close or below
0.01 ppm according to Seitner et al. (1971) and Mason (1971)). Because the metal
liquid partitioning coeﬃcient of chalcophile elements decreases with the increase of
sulfur content during fractional crystallization (Chabot and Haack, 2004), more Se
should be incorporated into the solid metal of more evolved meteorites (meteorites
with higher Ni). The Ni content itself however shouldn’t have an influence on the
partitioning coeﬃcients (Chabot et al., 2007).
Three meteorites, Carlton (IIIC), Pitts (IAB) and San Cristobal (IAB) are signif-
icantly have high Ni and high Se. Wasson (1970) and Buchwald (1975) suggest that
Carlton, Pitts and San Cristobal are related as high Ni extension of the IABs. In
San Cristobal, sulfide nodules are found concentrated along parent taenite crystals
boundaries (scott1974). Those sulfide inclusions have therefore percolated through
the rock after liquid immiscibility has been reached. This late sulfide liquid is slightly
enriched in Se compared to the rest of the IABs but it isn’t the case for the pal-
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lasites, where Se abundances are lower than in the genetically related IIIABs.Sa˜o
Joa˜o Nepomuceno (IVA) and Dronino (Ungrouped) have particularly low Se con-
tents. Dronino is an anomalous iron closest to the IVA group Grokhovsky et al.
(2005). This is consistent with the low Se content of IVAs which are the modt
volatile depleted of the magmatic irons studied.
On a sulphide Se vs. bulk S Log-Log plot, IIIABs and IABs can be fitted by
diﬀerent lines. A Student’s T test performed on the 2 sets of data gives a result of
0.012, meaning there is only a 1.2% probability that these datasets are similar. The
IIABs lie between those 2 lines but there is not enough data to determine their exact
distribution. The data is plotted as Log-Log because towards low values of Se and
S, the data deviates from a straight line, indicating they better modeled through a
a power law rather than a linear function. Dronino (ungrouped) is again much more
depleted in Se than the IIIABs and IABs, similarly to the IVAs in Chapter 5.
Bulk Selenium content
The concentration of Se in metal measured by Seitner et al. (1971) and Mason (1971)
is close to or less than 0.01 ppm. This is negligible relative to the concentration
in sulfides. The calculation of the bulk selenium content can therefore be achieved
using the concentration of selenium in the sulfides (troilite, sphalerite or daubre´elite)
and the proportion of sulfide in the meteorite. Published sulfur content estimates
are available from point counting on large representative meteorite sections from
Buchwald (1975) and modal integration on photographs of sections byWasson (1999)
and Wasson et al. (2007). The bulk selenium content can be expressed as:
[Se]bulk =
∑
i
{
[Se]sulfide i × % sulfide i
}
,
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Figure 4.58: Top: sulfide selenium content versus bulk nickel content in the iron
meteorites studied. Bottom: Log-log plot of sulfide selenium content versus bulk
sulfur content in the iron meteorites studied. The dashed lines show the best power-
law fits for IABs and IIIABs. Error bars are smaller than the point symbols. A
Student’s T test realized on the datasets of IABs and IIIABs (sulfide selenium vs.
bulk S) gives a result of 0.012, meaning there is only a 1.2% probability that these
datasets are similar.
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and if the sulfur is mainly present as troilite, which is the case in the meteorites
studied here, we have:
[Se]bulk = [Se]troilite × %troilite,
[Se]bulk = [Se]troilite × [S]bulk ×
m(S)
m(FeS)
,
where [S]bulk is the published sulfur abundance, m(S)/m(FeS) = 32/(32+56) ≃ 0.36
is the ratio of molar mass of sulfur and troilite.
I. Pelly and M. E. Lipschutz in Mason (1971) found that the Se/S is nearly
constant in chondrites. This is not the case here as shown in Figure 4.59. The
calculated bulk selenium abundances are shown in Figure 4.60 and plotted against
literature bulk sulfur abundances. The straight line is the line plotted by Dreibus
et al. (1995) that goes through 0 and the CI bulk selenium to bulk sulfur ratio (CI
line). In order to remain consistent throughout the thesis the Lodders (2003) values
are used for CI selenium and sulfur abundances, those values are slightly diﬀerent
from the values of Dreibus et al. (1995) but do not aﬀect observations that the
chondrites lie on the CI line on a linear Se vs. S plot. Dreibus et al. (1995) chondrite
and achondrite data, represented by asterisk symbols on Figure 4.60, overlap the
range of values covered in our dataset. However, some of the meteorites measured in
this study have lower bulk selenium and bulk sulfur abundances which deviate from
a line on a linear plot and align along a line on the log-log plot shown in Figure 4.60.
This means that the iron meteorites follow a power law and not a linear law. The
IAB meteorites are in good agreement with the CI line but the IIIABs fall below
showing depletion of bulk selenium and bulk sulfur relative to CI chondrites and
non-magmatic irons. Selenium and sulfur have very similar volatilities and the same
geochemical aﬃnity, the process that depleted them did not separate selenium and
sulfur. For the IIABs it is impossible to conclude because only two data points
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are available, one near the CI line and one near the IIIAB line. The equation
for each line is given on Figure 4.60. The fact that the magmatic iron meteorite
compositions follow a power law is of particular interest because phase transitions
follow power laws. Condensation and evaporation mechanisms in the solar nebula
or fusion and evaporation on the parent-body are therefore plausible causes for the
observed trends. Because the IABs do not show the depletion but the IIIABs do,
loss of the last sulfide rich crystallization liquids is favored.
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Figure 4.59: Selenium over sulfur ratio versus bulk nickel content in the iron me-
teorites studied. Average CI (Lodders, 2003), CM, CO, CV, OC, Silicates in IAB,
Acapulcoites, Lodranites and Winonaites (Dreibus et al., 1995) abundances shown
for reference.
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Figure 4.60: Log-log plot of sulfide selenium content versus bulk sulfur content in the
iron meteorites studied. Average CI (Lodders, 2003), CM, CO, CV, OC, Silicates
in IAB, Acapulcoites, Lodranites and Winonaites (Dreibus et al., 1995) abundances
shown for reference. The black solid line is the CI Selenium Sulfur ratio of 2540
determined by Dreibus et al. (1995) and the dashed blue line is a power-law fit to
the IIIAB meteorites.
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4.5 Conclusion
The bulk composition of iron meteorites have volatile depletion pattern with similar
shapes to the ordinary chondrites. However they have greater volatile depletion,
which could indicate that the iron meteorite parent-bodies formed at smaller helio-
centric distances than the chondrite parent-bodies. The bulk selenium content of
iron meteorites is correlated with their bulk sulfur content. IABs plot along the CI
line, other chondrites and IIIABs are more depleted. This is perhaps related to loss
of the late sulfur-rich liquid (or a volatile rich gas) after fractional crystallization of
most of the core. This loss could have happened through volcanism or escape of the
low temperature low density fluid into a porous silicate mantle.

Chapter 5
Cosmic Shock and Conditions on the
Parent-Body
In this chapter, the question of whether shock-melted meteorites remained closed
systems with regards to volatile elements is explored. The textures and modal
mineralogy of eutectic sulfide nodules are described.
5.1 Introduction
Information about the metamorphic and magmatic history of the asteroidal parent-
body is contained in the composition and texture of iron meteorite inclusions. Shock
can happen through collisions in space, on the parent-body (including separation
from the parent-body) and from terrestrial impact. Smaller non-crater forming
meteorites have not been submitted to pressures great enough to show terrestrial
shock, yet they show signs of shock which then must be preterrestrial (Jaeger and
Lipschutz, 1967). Sharp and DeCarli (2006) describe the eﬀects of shock as de-
formation and transformation. Only transformation from shock melting, recrystal-
lization and metamorphism are observed in this chapter. The cellular texture of
metal-sulfide nodules is coined ”eutectic texture” and attributed to cosmic shock
(Buchwald, 1975). The eﬀects of shock are distributed heterogeneously throughout
the meteorite hence why in the same meteorite shock-melted and unshocked nodules
can be found. The highest shock level found is assigned to the meteorite as a whole
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in the shock classification of ordinary chondrites (Sto¨ﬄer et al., 1991). Scott (1982)
reviews studies performed on troilite shock-melting, melting is thought to be caused
by heavy shock greater than 75 GPa at low temperature (below 450 degrees C). Be-
cause shocked sulfide nodules are melted, shock has the potential to mobilize volatile
elements in iron meteorites. However, this requires that the melt be able to escape
the meteorite or that residual heat produced from impact enables the diﬀusion of
the more labile volatile elements.
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Figure 5.1: Bulk elemental abundances from the literature in shock-melted iron
meteorites. Top: elemental abundances in ppm, elements are in order of increas-
ing volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration.
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5.2 Samples and methods
Four thick sections of heavily shocked iron meteorites are studied here with SEM,
EPMA and LA-ICP-MS: Bingera (IIAB), Braunau (IIAB), Chulafinnee (IIIAB) and
Gibeon (IVA). Provenances are given in Table 5.2. Those meteorites show composite
metal-sulfide nodules with an eutectic texture. Three other meteorites: Balfour
Downs (IAB), Cape York (IIIAB) and Dronino (Ungrouped) also have composite or
partly composite metal-sulfide nodules. They are shown in Figure 3.10 for Dronino,
Figure 4.3 and 4.4 for Balfour Downs and Figure 4.11 for Cape York. Those nodules
do not show the typical eutectic texture of rounded inclusions. They could be the
results of low level shock or a symplectite formed upon cooling of the meteorite from
a magma.
Group Meteorite Collection Reference Notes
IIAB Bingera Copenhagen GM2012.12 Acid etched
Braunau Copenhagen GM2012.14 Acid etched
Indian Valley NHM BM No trace elements data
(section too large to fit in LA-ICP-MS)
IIIAB Chulafinnee Copenhagen GM2012.15 Acid etched
IVA Gibeon NHM Two sections
Table 5.2: Meteorite thick sections studied in this chapter. The reference is the
meteorite or thick section entry number in the museum’s collection. Acronym: NHM
– National History Museum, London.
Furthermore, sulfide fragments from seven iron meteorites: Goose Lake (IAB),
Mesa Verde (IAB), Woodbine (IAB), Santa Rosa (IC), Mayodan (IIAB), Altonah
(IVA) and Gibeon (IVA) have been dissolved and analysed by solution-ICP-MS. The
sulfide solution-ICP-MS results show high nickel content caused by the ubiquitous
presence of Fe-Ni metal in the sample and the sulfide in those meteorites is described
as shock-melted by Buchwald (1975). Provenances and mineralogy provided by
Buchwald (1975) are given in Table 5.3. The thick section of Indian Valley (IIAB),
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Group Name Reference Museum Nodule texture and mineralogy (Buchwald, 1975)
IAB Goose Lake 10 SNMNH
Troilite with 1-5 µm anisotropic grains with graphite and
silicate inclusions, 2-20 µm partially melted fragments of
daubre´elite and schreibersite.
Mesa Verde Park 23 SNMNH
200-500 µm blocks of troilite separated by zones of 2-10 µm
recrystallised grains, rare daubre´elite blebs, partial
schreibersite rim.
Woodbine 3 SNMNH
Silicates and schreibersite fragments within 5-50 µm
polycrystalline troilite grains.
IC Santa Rosa 6 SNMNH
“Polycrystalline mosaic of 1-10 µm thick grains with 10-15%
daubre´elite”, melted discontinuous schreibersite rims.
IIAB Mayodan 2 SNMNH
“1 µm sulfide-iron eutectic in which 5-20 µm daubre´elite
fragments and 10-100 µm ferrite islands with phosphide”
also, Buchwald notes that “schreibersite and daubre´elite,
alone or in aggregates, rarely if ever shock melt, while when
associated with an appropriate amount of the compressible
troilite phase, the two minerals will fragment and sometimes
melt completely”.
IVA Altonah 26 SNMNH
“The troilite is shock melted and solidified to fine-grained
eutectics of 1-2 µm sulfide and metal. The fine-grained
border against the surrounding metal is fringed, serrated,
and heavily attacked by corrosion.” Artificial reheating to
800-900◦C
Gibeon 18 AMNH
”Fine-grained eutectics of 1-5 µm sulfide and metal-grains in
which numerous, sub angular daubre´elite fragments,
2-15 µm across are embedded.” Rare chromite within
troilite. All nodules observed by Buchwald are shock-melted.
Table 5.3: Shock-melted meteorites sulfide fragments used for solution-ICP-MS, no
centrifugation was needed. Acronyms: AMNH – American Museum of Natural
History; SNMNH – Smithsonian National Museum of Natural History.
although too large to fit in the LA-ICP-MS holder, has been studied by SEM and
EPMA. Buchwald (1975) and Wasson (1999) show that Indian Valley is paired
with Mayodan, therefore its mineralogy and petrology study is of interest to better
understand the solution-ICP-MS results obtained for Mayodan.
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5.3 Results
5.3.1 Mineralogy and petrology
Bingera, IIAB
Figure 5.2: BSE SEM image of composite nodule in Bingera. The map has been
made in 3 sections and stitched together to reduce the volume of data treated in
each session. Iron is shown in green, phosphorus in blue, chromium in red, sulfur in
yellow, nickel in purple, oxygen in white
Two eutectic nodules are visible in the thick section of Bingera (Figure 5.2), one is
5 mm and the other 2 mm-long. A close up of the largest nodule, nodule 1, is shown
in Figure 5.3. Large metal blebs, 0.1-1 mm in size, are found along the south rim
of the nodule and are organised along preferential orientations dividing the sulfides
in four plages and forming a network structure that looks like grain boundaries of
preexisting troilite crystals. The plages or relic grains are composed of a micrometer
sized mixture of troilite, daubre´elite, Fe-Ni metal and schreibersite rounded grains.
The smaller nodule, nodule 2, shows a similar mineralogy with the remnants of a
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Figure 5.3: BSE SEM images of composite nodule 1 in Bingera. Metal grains are
forming a network structure within the eutectic groundmass that looks like grain
boundaries of preexisting troilite crystals.
partially melted schreibersite rim at the top and bottom. Furthermore, the top of
the nodule (close up shown on the right in Figure 5.4) shows mushroom and balloon
structures with tails reminiscent of plumes of shock-melted material intruding into
the schreibersite rim. The schreibersite has the same average atomic number as the
Fe-Ni metal so it appears with the same grey level on the BSE images (Figures 5.3
and 5.4). The schreibersite is completely annealed except for the elongated rim at
the bottom of the left image of Figure 5.4. Rhabdites and brezina lamella are also
found dispersed in the metal (Figure 5.2). No plessite or taenite is seen and Bingera
is classed as an hexaedrite by Buchwald (1975).
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Figure 5.4: BSE SEM images of composite nodule 2 in Bingera. The remnants of
a partially melted schreibersite rim are located at the top and bottom. Picture on
the right shows mushroom and balloon structures with tails reminiscent of plumes
of shock-melted material intruding into the schreibersite rim.
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Braunau, IIAB
Figure 5.5: SEM X-ray composite map of Braunau showing composite nodule and
brezina lamella of schreibersite. Iron is shown in green, chromium in red, sulfur in
yellow, nickel in purple, phosphorus in blue and oxygen in white.
Braunau has a 4 mm long troilite-daubre´elite-FeNi metal eutectic nodule (Fig-
ure 5.5). Reflected microscope images of this nodule are shown in Figures 5.6 and
5.7. The distribution of blebs is homogeneous, the metal blebs have a larger grain
size than the sulfide blebs. A lace pattern formed by fine micrometer sized sulfide
veins on the top and bottom edges of the nodule are seen in Figure 5.7. Those
have also been described by Buchwald (1975). Surrounded by this veins network,
daubre´elite crystals are found as 25 microns wide grey equant euhedral grains con-
tained within Fe-Ni metal pockets. Like Bingera, Braunau is a hexahedrite, no
plessite or taenite is observed on the X-ray composite elements map of the section
(Figure 5.5).
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Figure 5.6: Reflected light microscope image of troilite-daubre´elite-FeNi metal com-
posite nodule in Braunau.
Figure 5.7: Reflected light microscope image of lace patterns around a composite
nodule in Braunau. Locations are on Fig. 5.6. The 25 microns wide grey equant
euhedral grains are daubre´elite crystals contained within Fe-Ni metal pockets. The
micrometer sized veins are filled with troilite.
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Indian Valley-Mayodan, IIAB
Figure 5.8: SEM X-ray composite map of Indian Valley.
The section of Indian Valley studied does not show a Widmansta¨tten pattern as In-
dian Valley is an hexahedrite (Buchwald, 1975). The section contains a 5 mm long
partly shock-melted nodule (Figure 5.8). The left part is pristine and shows an elon-
gated monocrystalline daubre´elite core surrounded by a blocky schreibersite rim and
acicular graphite and schreibersite. The right part of the nodule is shock melted and
weathered. A close up of a rounded silicate-daubre´elite-metal-schreibersite inclusion
is shown in Figure 5.9. The schreibersite rim has euhedral faces on the outside of
the nodule. Daubre´elite grains, 200 µm in size, and a silicate grain are present on
the right, the left part has 200 µm large schreibersite grains and micrometre scale
equant daubre´elite grains in a Fe-Ni metal and troilite groundmass similar to what
is observed above for Gibeon. Furthermore, a brezina lamella is present in the top
left of the section and shown in Figure 5.10 with two high nickel kamacite grains.
Those grains have a higher average atomic number than the surrounding kamacite
therefore they have a higher BSE potential shown by a higher grey level. This
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thick section of Indian Valley is too large to fit in the LA-ICP-MS holder. How-
ever, Buchwald (1975) and Wasson (1999) note that Mayodan is paired with Indian
Valley. Therefore the petrology and mineralogy study of Indian Valley will be of
interest for interpreting the solution-ICP-MS results from Mayodan.
Figure 5.9: BSE EPMA image of eutectic nodule with euhedral schreibersite rim in
Indian Valley. Composite nodule has daubre´elite (1 6 and 1 8 to 1 10), chromite
(1 13) and a fine grained metal-troilite-daubre´elite mixture (1 4, 1 5, 1 7 and 1 14)
and is surrounded by a schreibersite rim (1 3 and 1 11).
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Figure 5.10: BSE EPMA image of brezina lamellae in Indian Valley. Schreibersite
(1 7 to 1 10), recrystallized low Co kamacite grains (1 1, 1 2 and 1 4).
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Chulafinnee, IIIAB
Figure 5.11: SEM X-ray composite map of Chulafinnee. Iron is shown in green,
chromium in red, sulfur in yellow, nickel in purple, phosphorus in blue and oxygen
in white. Black squares: A: Daubre´elite-schreibersite inclusion shown in Figure 5.12;
B: metal-troilite nodules shown in Figure 5.13; C: weathered sulfide nodule shown
in Figure 3.8.
Chulafinnee presents 2-3 mm wide kamacite plates surrounded by comb and
net plessite (Figure 5.11). Buchwald (1975) classifies Chulafinnee as a octahedrite.
Two large fractures cross-cut the section, they are filled with iron oxides and hy-
droxides (Figure 5.11) and travel preferentially along plessite/kamacite boundaries.
Three shock-melted nodules are present in this section. The largest is about 2 mm
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Figure 5.12: BSE EPMA image of daubrelite inclusion in euhedral schreibersite in
Chulafinnee.
long and cross-cut by the north-south fracture. It contains daubre´elite, troilite and
Fe-Ni metal rounded blebs and is surrounded by a terrestrial weathering aureole
containing Ni-rich sulfides. Two millimetre sized nodules are found toward the top
of the weathered nodule. A close up is shown on Figure 5.13. The nodules have
a serrated edge and consist of micrometer sized blebs of daubre´elite (dark grey),
troilite (medium grey) and Fe-Ni metal (light and lighter grey). Metal rich veins
located along fractures crosscut the nodules. Those veins are zoned and the metal
is richer in nickel towards the center. Numerous schreibersite inclusions are found
in the metal. One euhedral inclusion of particular interest is shown on Figure 5.12.
It is surrounded by a micrometre sized exsolution rim and contains a daubre´elite
melt inclusion. This is in agreement with the fact that in the Fe-Ni-S-P diagram,
schreibersite precipitates before the sulfide (Esbensen and Buchwald, 1982).
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Figure 5.13: BSE EPMA image of eutectic sulfide nodules in Chulafinnee.
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Gibeon, IVA
Figure 5.14: SEM X-ray composite map of Gibeon. Iron is shown in green, chromium
in red, sulfur in yellow, nickel in purple, oxygen in white.
Gibeon is a fine octahedrite and the kamacite plates are about 0.5 mm wide on the
composite of X-ray maps of the thick section (Figure 5.14). Three shock-melted
nodules are visible on the section:
- Nodule 1 is a 3 mm wide nodule containing elongated daubre´elite crystals,
a troilite rich troilite-metal core and a metal rich troilite-metal corona with
areas enriched in nickel (Figure 5.15). An oxygen enrichment is also visible
in the center of the nodule, this is attributed to terrestrial weathering. The
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larger broken fragments of daubre´elite have not been shock-melted.
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Figure 5.15: Composite nodule 1 in Gibeon. Top: reflected light microscope image.
Bottom: SEM X-ray composite map. Chromium is shown in red, sulfur in yellow,
nickel in purple, oxygen in white. For clarity, iron is not shown.
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- Nodule 2 is 1.4 mm long and found on the edge of the section and contains
10-20 µm subhedral equant daubre´elite grains within a groundmass of 2-5
microns troilite and Fe-Ni metal (Figure 5.16 and 5.17). Furthermore, two
poikiloblastic daubre´elite crystals are visible at the bottom of nodule 2. Those
crystals are 100 µm wide and surrounded by a Fe-Ni metal aureole.
Figure 5.16: BSE EPMA image of nodule 2 in Gibeon. Top: view of composite
nodule, content of white square is shown in bottom image. Bottom: closeup of com-
posite nodule showing poikiloblastic daubre´elite and Fe-Ni metal grains in troilite
and metal groundmass.
224 Cosmic Shock and Conditions on the Parent-Body
Figure 5.17: Composite nodule 2 in Gibeon. Top: reflected light microscope image.
Bottom: SEM X-ray composite map. Chromium is shown in red, sulfur in yellow,
nickel in purple, oxygen in white. For clarity, iron is not shown.
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- Nodule 3 is 1.4 mm long and has 10-20 µm subhedral equant grains of daubre´elite
and Fe-Ni metal in a troilite and metal groundmass (Figure 5.18 and 5.19). The
nodule is separated in several domains by fractures filled by terrestrial weath-
ering. The top of the nodule is also enriched in nickel (Figure 5.19), this is a
nickel rich sulfide, also a product of terrestrial weathering (see Chapter 3 for
the study of the eﬀects of terrestrial weathering on sulfide mineralogy). Buch-
wald (1975) states that no schreibersite nor rhabdites are present in Gibeon
and all the sulfide nodules observed are shock-melted.
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Figure 5.18: BSE EPMA image of nodule 3 in Gibeon. Top: view of composite
nodule, content of black square is shown in bottom image. Bottom: closeup of
composite nodule showing subhedral daubre´elite and rounded grains of Fe-Ni metal
in troilite and metal groundmass.
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Figure 5.19: Composite nodule 3 in Gibeon. SEM X-ray composite map. Chromium
is shown in red, sulfur in yellow, nickel in purple, oxygen in white. For clarity, iron
is not shown.
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5.3.2 Modal mineralogy
Group Meteorite Mineral Element Modal mineralogy
Co (ppm) Ni (wt%) Ga (ppm) P (wt%) S (wt%) Co Ni Ga CoNi
IIAB Bingera Kamacite 4470 5.21 57.47
Troilite 0 0 0
Schreibersite 1400 22.4
Bulka 4900 5.64 59 0.24
Braunau Kamacite 4510 5.86 57.74
Troilite 0 0 0
Schreibersite × × ×
Bulk 4520b 5.5b 59.7b 0.24a 0.08a
IIIAB Chulafinnee Kamacite 5035 7.25 19.59 98.52 98.39 98.5
Plessite 2664 20.92 31.2 1.48 1.61 1.58
Troilite 0 0 0
Schreibersite 1050 35.42 1.95 1.95 1.95 1.95
Bulka 5000 7.42† 17.8 0.17
IVA Gibeon Kamacite 3994 7.38 2.11 87.62 96.54
Plessite 3504 10.91 2.89 12.38 6.82
Troilite 0 0 0
Schreibersite
Bulk 3860c 7.99c 2.13c 0.04a 0.0247a
Table 5.4: Calculated modal mineralogies, ×: not measured, †: it is assumed that
the sample used for the bulk composition measurement did not contain schreibersite
(hence the low bulk nickel content). Thus the schreibersite percentage is set to zero
when calculating the modal mineralogy. Buchwald (1975) states that there is no
schreibersite in Gibeon. References for the bulk concentrations, a: Buchwald (1975),
b: Wasson et al. (2007), c: Wasson and Richardson (2001).
The modal mineralogy of Chulafinnee and Gibeon have been calculated using
the method and equations presented in §4.3.3 Modal mineralogy (p. 140). The
results are shown in Table 5.4. As Bingera and Braunau are both hexahedrite,
they don’t contain plessite. Figure 5.20 to 5.24 are plots of cobalt versus nickel
content for each meteorite, showing the measured plessite, schreibersite and average
kamacite compositions (error bar for the kamacite is the standard deviation of the
data) and the published bulk composition. In all the samples, the more recent bulk
data is in good agreement with the measured kamacite, plessite and schreibersite
compositions. For Gibeon (IVA) and Chulafinnee (IIIAB), the plessite data lie on a
mixing line of correlation coeﬃcient ≥ 0.9. This line roughly crosscuts the average
kamacite composition. This is also the case for the other magmatic irons studied in
Chapter 4. For Braunau (IIAB), only two points are available for the plessite but
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this also falls near the average kamacite composition.
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Figure 5.20: Co. vs Ni. abundances in Bingera, bulk data from Mingaye (1904),
Mingaye (1921) and Lovering et al. (1957).
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Figure 5.21: Co. vs Ni. abundances in Braunau, bulk data from Duflos and Fischer
(1848), Cohen (1905), Cobb (1967) and Wasson et al. (2007).
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Figure 5.22: Co. vs Ni. abundances in Indian Valley, bulk data from Kunz and
Weinschenk (1892), Goldberg et al. (1951) and Wasson et al. (2007).
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Figure 5.23: Modal mineralogy of Chulafinnee, bulk data from Mackintosh (1880).
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Figure 5.24: Modal mineralogy of Gibeon, bulk data from Cohen (1905), Fraenkel
and Tammann (1908), Lovering et al. (1957), Buchwald (1967), Kracher et al. (1980)
and Wasson and Richardson (2001).
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The modal mineralogy of the shock-melted nodules has been determined using
the image processing software ImageJ. Grey level elemental X-ray composite maps of
the nodules for Braunau (also used to make Figure 5.5) and Bingera (also used for left
image of Figure 5.2) and BSE EPMA images of the nodules for Gibeon (Figure 5.18
bottom) and Chulafinnee (Figure 5.13) are loaded into ImageJ. The grey levels
threshold is set so the area of interest is highlighted, then by using the functionality
Analyze −→ Analyze Particles, the highlighted pixels are counted. The results are
given in Table 5.5, the number of pixels occupied by each phase is given and the
mode of each mineral calculated as the percentage of the total pixels occupied by
that phase in the nodule. In order to obtain representative results, nodules with
large crystal inclusions are avoided and as much as possible nodules with texture
consisting of homogeneously distributed micrometric sized blebs within millimetric
sized nodule chosen. The calculated modes are consistent between diﬀerent nodules
of the same meteorite and nodules of diﬀerent meteorites. The error resides mostly
in the choice of the grey level threshold for selection of pixels. Repeat selections
show an error lower than 10%. The small grain size is also problematic when lower
than the image’s resolution, pixels that are multiminerallic however appear a darker
grey on the element maps so this can be taken into account when selecting the grey
levels. This is also accounted for in the 10% error. The Fe-Ni metal occupies 17
to 33 % of the surface of the nodules, it is mostly kamacite. The sulfides make
up 63 to 83 % of the section, with varying proportions of daubre´elite and troilite.
Schreibersite is found in Bingera and Braunau with an average mode of about 15 %.
The incorporation of 17 to 33 volume % of surrounding Fe-Ni metal into the nodule
increases the nodule by this volume.
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Mineral Bingera Braunau Chulafinnee Gibeon
Nodule 1 Nodule 2 Nodule 2 and 3 Nodule 3
Surface
(px2)
Mode
(%)
Surface
(px2)
Mode
(%)
Surface
(px2)
Mode
(%)
Surface
(px2)
Mode
(%)
Surface
(px2)
Mode
(%)
Fe-Ni metal 28650 25 2191 17 4299 23 169847 31 227784 33
Kamacite 153817 28
Taenite 16030 3
sulfide 73588 64 10357 83 11749 63 381988 69 470530 67
Troilite 28729 25 7393 40 292800 53 379767 54
Daubre´elite 44859 39 4356 24 89188 16 90763 13
Schreibersite 11862 10 2636 21 2467 13 0 0 0 0
Total 114100 100 12548 100 18515 100 551835 100 698314 100
Table 5.5: Modal mineralogy of shock-melted nodules in Bingera, Braunau, Chu-
lafinnee and Gibeon, measured from images using the image processing software
ImageJ. A relative error of about 10% is associated with these measurements.
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5.3.3 Major and minor element compositions
Fe-Ni metal
The nickel content in the kamacite ranges between 4.94±0.10 wt% nickel for Indian
Valley and 7.14± 0.11 wt% for Gibeon. The cobalt varies from 0.41± 0.03 wt% for
Gibeon to 0.53± 0.02 wt% for Chulafinnee. The average plessite composition varies
from 14.77±0.17 wt% in Braunau to 27.98±0.24 wt% in Gibeon. The full kamacite
and plessite results are plotted in Figure 4.25. Several 500 µm-wide kamacite grains
in Indian Valley (Figure 5.10) have a cobalt content of 0.58−0.82 wt%. This is higher
than what is observed on average for Indian Valley, about 0.40 wt% and the other
IIABs, 0.44-0.46 wt% (Figure 4.25). These are associated with annealed schreibersite
grains, suggesting the probable cause of the odd cobalt content is volume diﬀusion
caused by reheating. Buchwald (1975) describes those grains as recrystallised ferrite.
The schreibersite associated with those kamacite grains is very low in cobalt, 0.07±
0.02 wt% for the grain in Figure 5.20.
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Group Meteorite Number Average Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IIAB Bingera 30 95.33± 1.79 0.49± 0.02 5.10± 0.14 100.99
Braunau 18 94.66± 0.38 0.47± 0.02 5.26± 0.09 100.49
Indian Valley 39 94.49± 0.55 0.48± 0.03 4.94± 0.10 99.89
IIIAB Chulafinnee 47 93.39± 0.37 0.53± 0.02 6.87± 0.11 100.88
IVA Gibeon 5 95.06± 0.46 0.41± 0.03 7.14± 0.11 102.62
Gibeon Copenhagen 57 93.48± 1.76 0.41± 0.02 6.94± 0.16 100.82
Group Meteorite Number Standard deviation Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IIAB Bingera 30 1.12± 0.02 0.01± 0.00 0.23± 0.01 1.06
Braunau 18 0.69± 0.00 0.01± 0.00 0.56± 0.00 0.23
Indian Valley 39 0.44± 0.00 0.11± 0.00 0.30± 0.00 0.35
IIIAB Chulafinnee 47 0.47± 0.00 0.02± 0.00 0.27± 0.00 0.40
IVA Gibeon 5 0.37± 0.00 0.01± 0.00 0.08± 0.00 0.41
Gibeon Copenhagen 57 1.16± 0.02 0.02± 0.00 0.91± 0.01 0.86
Table 5.6: Averages (top) and standard deviations (bottom) of selected EPMA
analyses compositions for the kamacite of iron meteorites studied. Elements Mg,
Al, Si, P, S, Cr, Mn, Cu, Zn, Ca, Ti, As, V and Ge are below detection limits
Figure 5.25: BSE EPMA image of recrystallized kamacite (K.) and schreibersite
(Sch.) grains in Indian Valley.
236 Cosmic Shock and Conditions on the Parent-Body
! !"
! "
"
"!
"!!
"!!!
"!!!!
"!!!!!
"!!!!!!
 
        	              
Ab
un
da
nc
e 
(p
pm
)
Element










 	      
     
  
         
Ab
un
da
nc
e 
/ C
I
Element







 	      
     
  
         
Ab
un
da
nc
e 
/ C
I a
nd
 N
i
Element
Figure 5.26: LA-ICP-MS trace elements composition of kamacite in shock-melted
iron meteorites. Top: elemental abundances in ppm, elements are in order of increas-
ing volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration in the sample.
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Group Meteorite Number Average Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IIAB Indian Valley 2 59.18± 0.39 0.20± 0.03 25.60± 0.25 100.73
IIIAB Chulafinnee 32 75.89± 0.33 0.25± 0.02 24.14± 0.22 100.31
IVA Gibeon 1 70.25± 0.63 0.22± 0.04 27.98± 0.24 98.60
Gibeon Copenhagen 14 80.87± 1.57 0.28± 0.02 19.54± 0.27 100.68
Group Meteorite Number Standard deviation Analysis
of analyses Fe (wt%) Co (wt%) Ni (wt%) total (wt%)
IIAB Indian Valley 2 3.37± 0.02 0.13± 0.01 3.34± 0.02 0.21
IIIAB Chulafinnee 32 5.89± 0.02 0.09± 0.00 6.01± 0.04 0.45
IVA Gibeon 1
Gibeon Copenhagen 14 7.27± 0.11 0.10± 0.00 6.83± 0.06 0.76
Table 5.7: Averages (top) and standard deviations (bottom) of EPMA analyses of
plessite and taenite in the studied iron meteorites. Elements Mg, Al, Si, P, S, Cr,
Mn, Cu, Zn, Ca, Ti, As, V and Ge are below detection limits.
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Accessory minerals
Sulfide: Troilite and daubre´elite
The EPMA measurement of eutectic groundmass show various proportions of
metal and sulfide have been probed (Table 5.8), a few measurements are monomin-
erallic. Due to the larger grain size of daubre´elite, it was possible to measure the
daubre´elite composition in the samples (Table 5.9). Fe content are between 18 and
20 wt%, Cr between 34 and 37 wt%, which is close to the ideal formula. Fe-Ni-S
ternary diagrams of the brassy nodules (Figure 5.27) show that they are a mixture
of daubre´elite, troilite, Ni-rich metal and schreibersite, The Ni-rich metal seems to
be Ni-rich taenite or tetrataenite. Breen et al. (2014) observed tetrataenite in shock
melted sulfide nodules of IIIE iron meteorites, but Scott (1982) indicates that Scott
and Clarke (unpublished) didn’t observe optical anisotropy in larger grains of the
IVA meteorite Gibeon so the question remains open.
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Group Meteorite P S Cr Mn Co Ni Cu Fe Total
IIAB Bingera 14.71± 0.22 2.56± 0.12 0.29± 0.01 < 0.06 0.19± 0.02 12.76± 0.21 0.05± 0.03 72.04± 1.46 102.57
0.04± 0.02 36.42± 0.55 8.4± 0.06 < 0.06 0.01± 0 1.14± 0.07 0.15± 0.03 51.82± 1.19 98.01
0.06± 0.02 37.24± 0.56 12.29± 0.09 < 0.06 0.03± 0.01 0.7± 0.06 0.1± 0.03 48.58± 1.15 98.99
16.27± 0.23 0.06± 0.04 0.08± 0.01 < 0.06 0.13± 0.01 22.06± 0.3 < 0.05 63.78± 1.34 102.33
13.28± 0.21 2.42± 0.12 0.46± 0.01 < 0.06 0.2± 0.02 20.2± 0.28 < 0.02 62.6± 1.32 99.19
12.75± 0.2 7.71± 0.22 1.76± 0.02 < 0.06 0.1± 0.01 15.97± 0.24 < 0.01 63.03± 1.33 101.31
0.12± 0.02 37.58± 0.57 9.7± 0.07 < 0.06 0.01± 0 1.64± 0.08 0.1± 0.03 49.42± 1.16 98.62
9.61± 0.17 2.3± 0.11 0.29± 0.01 < 0.06 0.3± 0.02 13.44± 0.22 < 0.01 75.67± 1.51 101.55
< 0.02 36.74± 0.56 4.89± 0.04 < 0.06 0.01± 0 0.59± 0.06 0.23± 0.04 56.53± 1.26 99.11
0.1± 0.02 37.05± 0.56 10.36± 0.07 < 0.06 0.03± 0.01 0.62± 0.06 0.15± 0.03 50.46± 1.17 98.82
0.07± 0.02 36.37± 0.55 8.19± 0.06 < 0.06 0.03± 0.01 1.27± 0.08 0.24± 0.04 52.62± 1.21 98.85
< 0.02 36.68± 0.56 8.27± 0.06 < 0.06 0.02± 0.01 0.73± 0.06 0.13± 0.03 52.72± 1.21 98.61
IIAB Braunau < 0.01 44.13± 0.7 35.07± 0.21 0.16± 0.02 0.04± 0.03 19.19± 0.18 98.64
13.85± 0.29 0.05± 0.04 < 0.01 < 0.02 0.1± 0.01 37.92± 0.3 47.75± 0.26 99.78
< 0.02 < 0.03 0.11± 0.01 < 0.02 0.56± 0.02 3.7± 0.08 96.32± 0.38 100.75
0.03± 0.02 < 0.04 0.16± 0.01 < 0.02 0.54± 0.02 3.59± 0.08 96.64± 0.38 101.06
44.89± 0.71 35.67± 0.21 0.25± 0.02 < 0.01 0.03± 0.03 19.53± 0.18 100.42
14.05± 0.29 0.05± 0.04 0.17± 0.01 < 0.04 0.11± 0.01 36.02± 0.29 49.61± 0.26 100.01
0.02± 0.01 44.66± 0.71 35.46± 0.21 0.22± 0.02 0.01± 0 0.06± 0.03 19.81± 0.18 100.24
< 0.02 0.06± 0.04 0.61± 0.01 < 0.01 0.52± 0.02 3.49± 0.08 96.93± 0.38 101.67
< 0.01 35.59± 0.6 1.37± 0.02 0.03± 0.02 0.03± 0.01 0.21± 0.04 62.27± 0.31 99.52
13.88± 0.29 0.06± 0.04 0.2± 0.01 < 0.02 0.09± 0.01 38.21± 0.31 46.88± 0.26 99.33
< 0.01 44.77± 0.71 35.53± 0.21 0.23± 0.02 0.02± 0.01 0.04± 0.03 19.95± 0.18 100.58
< 0.02 < 0.04 0.53± 0.01 < 0.01 0.57± 0.02 3.47± 0.08 96.2± 0.38 101.48
13.99± 0.29 0.24± 0.05 0.32± 0.01 < 0.02 0.1± 0.01 38.77± 0.31 46.12± 0.25 99.6
< 0.01 43.89± 0.7 35.06± 0.21 0.22± 0.02 < 0.01 0.11± 0.03 20.28± 0.18 99.6
< 0.01 43.36± 0.69 34.13± 0.2 0.19± 0.02 0.04± 0.01 0.22± 0.04 22.4± 0.19 100.38
< 0.02 0.07± 0.03 0.26± 0.01 < 0.02 0.44± 0.02 3.79± 0.08 96.24± 0.38 100.86
< 0.02 33.76± 0.57 2.01± 0.03 0.05± 0.02 0.05± 0.01 0.45± 0.04 62.79± 0.31 99.09
< 0.02 32.06± 0.55 1.57± 0.02 0.04± 0.02 0.1± 0.01 0.63± 0.04 67.49± 0.32 101.92
< 0.02 < 0.03 0.22± 0.01 < 0.02 0.63± 0.02 3.77± 0.08 96.01± 0.38 100.7
< 0.02 < 0.04 0.06± 0.01 < 0.02 0.54± 0.02 3.65± 0.08 96.66± 0.38 100.97
< 0.01 44.86± 0.71 35.56± 0.21 0.21± 0.02 0.02± 0.01 0.04± 0.03 19.64± 0.18 100.32
< 0.01 44.49± 0.7 35.47± 0.21 0.24± 0.02 < 0.01 0.05± 0.03 19.8± 0.18 100.06
< 0.02 31.44± 0.54 1.43± 0.02 0.04± 0.02 0.1± 0.01 0.86± 0.05 67.69± 0.32 101.55
< 0.02 23.8± 0.44 1.01± 0.02 < 0.02 0.21± 0.02 1.62± 0.06 73.76± 0.34 100.43
< 0.02 < 0.03 0.16± 0.01 < 0.02 0.53± 0.02 3.67± 0.08 96.09± 0.38 100.48
< 0.01 44.77± 0.71 35.44± 0.21 0.22± 0.02 < 0.01 0.04± 0.03 19.75± 0.18 100.22
< 0.02 29.66± 0.52 1.32± 0.02 < 0.02 0.15± 0.01 1.06± 0.05 67.35± 0.32 99.56
< 0.02 29.99± 0.52 4.03± 0.04 0.04± 0.02 0.13± 0.01 0.97± 0.05 64.24± 0.32 99.44
13.81± 0.29 0.06± 0.03 0.3± 0.01 < 0.02 0.11± 0.01 34.82± 0.29 50.38± 0.27 99.48
< 0.02 < 0.03 0.14± 0.01 < 0.02 0.53± 0.02 3.38± 0.08 97.02± 0.38 101.17
IIAB Indian Valley < 0.01 39.38± 0.47 28.27± 0.19 0.16± 0.03 < 0.03 0.17± 0.03 31.36± 0.26 99.5
15.32± 0.26 0.07± 0.04 0.13± 0.02 < 0.02 0.08± 0.02 23.62± 0.23 < 0.03 60.2± 0.39 99.38
0.03± 0.02 42.3± 0.48 36.69± 0.23 0.22± 0.03 0.08± 0.03 < 0.03 19.41± 0.2 98.92
0.05± 0.02 31.22± 0.41 17.43± 0.14 < 0.03 < 0.02 0.41± 0.04 0.08± 0.03 50.78± 0.36 100.21
< 0.01 43.08± 0.49 37.06± 0.23 0.21± 0.03 < −0.09 < 0.03 0.08± 0.03 18.8± 0.19 99.22
< 0.01 43.2± 0.49 36.98± 0.23 0.21± 0.03 < −0.17 < 0.03 0.06± 0.03 18.8± 0.19 99.27
< 0.01 43.36± 0.49 36.99± 0.23 < 0.03 < −0.09 < 0.03 0.05± 0.03 18.74± 0.19 99.35
0.04± 0.02 0.02± 0.03 0.07± 0.02 < 0.02 0.4± 0.03 2.46± 0.07 < 0.03 97.03± 0.56 99.93
0.03± 0.02 43.27± 0.49 37.02± 0.23 0.26± 0.03 0.06± 0.03 0.05± 0.03 18.93± 0.19 99.65
< 0.02 30.26± 0.41 3.47± 0.06 < 0.03 0.03± 0.01 0.52± 0.04 0.08± 0.03 63.8± 0.42 98.18
0.03± 0.02 3.95± 0.14 1.19± 0.03 < 0.02 0.24± 0.03 1.31± 0.05 0.04± 0.03 94.48± 0.55 101.16
< 0.02 6.43± 0.18 0.27± 0.02 < 0.02 0.13± 0.02 1.21± 0.05 0.06± 0.03 91.14± 0.54 99.23
IIIAB Chulafinnee 0.04± 0.02 24.46± 0.45 1.16± 0.02 < 0.02 0.19± 0.02 1.56± 0.06 71.65± 0.33 99.16
< 0.02 0.17± 0.05 0.36± 0.01 0.06± 0.01 47.92± 0.36 51.58± 0.26 100.13
< 0.02 20.34± 0.4 3.68± 0.04 0.06± 0.02 0.23± 0.02 2.69± 0.07 70.83± 0.33 97.85
0.04± 0.02 16.73± 0.35 1.79± 0.02 0.03± 0.02 0.28± 0.02 2.6± 0.07 77.18± 0.34 98.67
< 0.02 6.08± 0.19 1.58± 0.02 < 0.02 0.44± 0.02 3.62± 0.08 88.74± 0.37 100.5
0.09± 0.03 3.46± 0.14 0.58± 0.02 < 0.03 0.07± 0.01 47.21± 0.35 48.41± 0.26 99.83
0.03± 0.02 9.63± 0.25 1.25± 0.02 < 0.02 0.42± 0.02 4.9± 0.09 85.31± 0.36 101.58
0.03± 0.02 0.41± 0.05 0.14± 0.01 < −0.01 0.61± 0.02 2.51± 0.07 97.34± 0.38 101.03
0.03± 0.02 26.27± 0.48 3.96± 0.04 0.04± 0.02 0.15± 0.01 0.82± 0.05 66.2± 0.32 97.48
< 0.02 31.7± 0.55 5.25± 0.05 0.05± 0.02 0.08± 0.01 0.83± 0.05 60.38± 0.31 98.33
0.09± 0.02 8.49± 0.23 0.18± 0.01 < 0.02 0.5± 0.02 1.93± 0.06 89.09± 0.37 100.34
< 0.02 0.06± 0.03 0.04± 0.01 < 0.03 0.26± 0.02 20.32± 0.2 78.08± 0.34 98.78
< 0.02 2.21± 0.11 0.11± 0.01 < 0.03 0.53± 0.02 2.41± 0.07 91.62± 0.37 97.46
< 0.02 18.09± 0.37 1.53± 0.02 0.03± 0.02 0.33± 0.02 2.45± 0.07 76.63± 0.34 99.09
0.16± 0.03 14.77± 0.32 2.95± 0.03 0.04± 0.02 0.36± 0.02 1.68± 0.06 79.44± 0.35 99.57
0.09± 0.02 19.59± 0.39 3.71± 0.04 0.04± 0.02 0.29± 0.02 1.64± 0.06 73.96± 0.34 99.36
< 0.02 32.41± 0.56 6.46± 0.05 0.07± 0.02 0.04± 0.01 1.64± 0.06 57.27± 0.3 97.93
0.04± 0.02 27.79± 0.5 4.39± 0.04 0.06± 0.02 0.14± 0.01 0.79± 0.05 65.89± 0.32 99.12
0.08± 0.02 11.98± 0.28 2.41± 0.03 0.03± 0.02 0.41± 0.02 2.61± 0.07 81.4± 0.35 98.91
0.16± 0.03 25.06± 0.46 3.92± 0.04 0.04± 0.02 0.21± 0.02 1.36± 0.06 67.46± 0.32 98.24
< 0.01 41.31± 0.67 33.91± 0.2 0.07± 0.01 0.2± 0.02 1.37± 0.05 21.1± 0.18 98.02
< 0.01 41.95± 0.67 35.05± 0.21 0.12± 0.02 0.08± 0.02 0.23± 0.04 20.23± 0.18 97.67
< 0.02 40.07± 0.65 31.63± 0.19 < 0.02 0.18± 0.02 1.54± 0.06 24.11± 0.2 97.64
< 0.02 40.29± 0.65 22.56± 0.14 < 0.01 0.52± 0.02 2.91± 0.07 31.89± 0.23 98.21
< 0.01 36.74± 0.61 17.05± 0.11 < 0.01 0.46± 0.02 1.07± 0.05 41.57± 0.26 96.92
0.05± 0.02 26.23± 0.48 10.19± 0.07 0.06± 0.02 0.4± 0.02 2.09± 0.06 50.6± 0.28 89.63
< 0.02 37.14± 0.62 8.58± 0.07 0.02± 0.01 0.81± 0.03 6.67± 0.11 46.27± 0.27 99.53
< 0.02 35.66± 0.6 3.13± 0.03 < 0.01 0.68± 0.02 5.06± 0.1 53.8± 0.29 98.38
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Group Meteorite P S Cr Mn Co Ni Cu Fe Total
IVA Gibeon < 0.02 12.52± 0.27 0.14± 0.01 < 0.02 0.31± 0.03 1.48± 0.06 0.08± 0.04 88.08± 0.44 102.62
< 0.02 26± 0.4 0.22± 0.02 < 0.02 0.1± 0.02 0.46± 0.04 < 0.04 74.72± 0.39 101.56
< 0.02 12.29± 0.26 0.2± 0.02 < 0.03 0.16± 0.02 2.04± 0.06 < 0.04 87.19± 0.43 101.88
< 0.02 18.88± 0.33 0.15± 0.02 < 0.03 0.18± 0.03 0.86± 0.05 < 0.04 82.36± 0.42 102.48
< 0.02 0.25± 0.05 0.03± 0.01 < 0.03 0.34± 0.03 1.99± 0.06 < 0.04 100.01± 0.47 102.62
< 0.02 0.08± 0.04 0.02± 0.01 < 0.03 0.02± 0.01 56.53± 0.4 0.19± 0.05 44.44± 0.27 101
< 0.02 20.14± 0.34 0.17± 0.02 < 0.03 0.13± 0.02 1.49± 0.06 0.1± 0.04 76.38± 0.4 98.39
< 0.02 0.02± 0.04 0.4± 0.02 < −0.11 0.35± 0.03 2.32± 0.07 < 0.04 99.68± 0.47 102.83
< 0.01 44.66± 0.54 34.75± 0.19 0.27± 0.03 0.09± 0.03 0.05± 0.04 20.83± 0.19 100.68
< 0.02 1.7± 0.1 0.26± 0.02 < 0.02 0.03± 0.01 52.68± 0.38 0.36± 0.05 46.35± 0.28 101.09
< 0.01 43.53± 0.53 34.13± 0.19 0.24± 0.03 0.02± 0.02 0.93± 0.05 0.05± 0.04 22.03± 0.2 100.93
< 0.02 0.51± 0.06 0.76± 0.02 < 0.05 0.5± 0.04 2.17± 0.07 < 0.04 99.6± 0.47 103.53
< 0.02 0.09± 0.04 0.48± 0.02 < 0.02 1.64± 0.06 1.78± 0.06 < 0.04 98.9± 0.47 102.86
< 0.01 44.25± 0.54 34.57± 0.19 0.24± 0.03 0.11± 0.03 < 0.04 20.94± 0.19 100.15
< 0.02 20.19± 0.34 0.28± 0.02 < 0.02 0.16± 0.03 1± 0.05 < 0.04 80.19± 0.41 101.85
< 0.02 15.26± 0.3 0.14± 0.02 < 0.03 0.24± 0.03 1.14± 0.05 < 0.04 85.4± 0.43 102.25
< 0.01 38.14± 0.49 28.34± 0.16 0.54± 0.04 0.03± 0.02 0.29± 0.04 < 0.04 31.97± 0.24 99.36
< 0.02 23.75± 0.38 1.83± 0.03 0.03± 0.02 0.17± 0.03 0.73± 0.05 < 0.04 74.3± 0.39 100.85
< 0.01 40.43± 0.51 32.97± 0.18 0.48± 0.04 0.03± 0.02 0.35± 0.04 0.05± 0.04 24.74± 0.21 99.08
< 0.02 14.24± 0.28 0.25± 0.02 < 0.03 0.26± 0.03 1.36± 0.06 < 0.04 85.4± 0.43 101.5
< 0.02 0.05± 0.03 0.57± 0.02 < 0.04 0.32± 0.03 3.83± 0.08 0.06± 0.04 97.44± 0.46 102.22
< 0.02 0.03± 0.04 0.25± 0.02 < 0.02 0.04± 0.02 58± 0.4 0.28± 0.05 42.35± 0.26 100.64
< 0.01 27± 0.4 19.42± 0.12 0.25± 0.03 0.2± 0.03 1.57± 0.06 0.07± 0.04 56.57± 0.33 105.09
< 0.02 0.17± 0.04 0.83± 0.02 < 0.02 0.62± 0.04 2.26± 0.07 < 0.04 98.75± 0.47 102.61
Gibeon (Goamus, BM P318) < 0.02 26.24± 0.44 0.18± 0.01 < 0.06 < 0.01 0.65± 0.06 < 0.03 73.28± 1.5 100.4
< 0.02 7.86± 0.21 0.17± 0.01 < 0.06 0.25± 0.02 1.69± 0.08 < 0.05 90.94± 1.73 100.86
< 0.02 3.4± 0.13 0.34± 0.01 < 0.06 0.28± 0.02 2.2± 0.09 < 0.05 95.21± 1.79 101.4
< 0.02 24.19± 0.42 1.21± 0.02 < 0.06 0.15± 0.01 0.83± 0.07 < 0.03 74.69± 1.51 101.11
< 0.02 0.02± 0.03 0.14± 0.01 < 0.06 0.64± 0.02 2.97± 0.1 < 0.03 98.19± 1.82 101.9
< 0.02 12.37± 0.27 0.26± 0.01 < 0.06 0.33± 0.02 1.3± 0.08 < 0.03 87.16± 1.68 101.42
< 0.02 10.04± 0.24 1.74± 0.02 < 0.06 0.21± 0.02 1.49± 0.08 < 0.03 87.68± 1.69 101.21
< 0.02 6.27± 0.19 0.22± 0.01 < 0.06 0.3± 0.02 1.72± 0.09 < 0.05 93.33± 1.76 101.79
< 0.02 17.05± 0.33 0.31± 0.01 < 0.06 0.21± 0.02 1.07± 0.07 < 0.03 80.93± 1.6 99.57
< 0.02 6.62± 0.19 0.18± 0.01 < 0.06 0.29± 0.02 1.67± 0.08 < 0.02 93.51± 1.76 102.26
< 0.02 22.12± 0.39 0.84± 0.02 < 0.06 0.2± 0.02 0.84± 0.07 0.04± 0.03 74.99± 1.52 99.04
< 0.02 16.24± 0.32 3.36± 0.03 < 0.06 0.22± 0.02 1.15± 0.07 < 0.03 77.19± 1.55 98.16
< 0.02 5.02± 0.17 0.11± 0.01 < 0.06 0.34± 0.02 1.68± 0.08 < 0.04 93.11± 1.76 100.22
0.09± 0.02 11.23± 0.26 0.14± 0.01 < 0.06 0.35± 0.02 1.88± 0.09 < 0.03 87.59± 1.69 101.28
0.04± 0.02 7.29± 0.2 0.24± 0.01 < 0.06 0.39± 0.02 2.37± 0.09 < 0.03 91.58± 1.74 101.92
< 0.02 20.25± 0.37 0.35± 0.01 < 0.06 0.21± 0.02 0.8± 0.07 < 0.03 77.81± 1.56 99.4
< 0.02 7.68± 0.21 0.25± 0.01 < 0.06 0.39± 0.02 1.54± 0.08 < 0.03 89.67± 1.71 99.55
< 0.02 0.64± 0.07 0.04± 0.01 < 0.06 0.03± 0.01 55.99± 0.55 0.23± 0.04 43.39± 1 100.24
< 0.02 3.75± 0.15 0.13± 0.01 < 0.06 0.03± 0.01 51.01± 0.52 0.13± 0.03 44.36± 1.02 99.37
< 0.02 6.91± 0.2 0.07± 0.01 < 0.06 0.03± 0.01 47± 0.49 0.11± 0.03 46.26± 1.06 100.28
< 0.02 9.27± 0.23 0.19± 0.01 < 0.06 0.32± 0.02 1.52± 0.08 < 0.03 90.29± 1.72 101.49
< 0.02 9.26± 0.23 0.29± 0.01 < 0.06 0.22± 0.02 1.62± 0.08 < 0.04 90.02± 1.72 101.36
< 0.02 25.98± 0.44 1.61± 0.02 < 0.06 0.1± 0.01 0.83± 0.07 0.06± 0.03 72.13± 1.48 100.72
< 0.02 2.49± 0.12 0.13± 0.01 < 0.06 0.2± 0.02 28.37± 0.35 0.07± 0.03 68.64± 1.4 99.92
< 0.02 15.55± 0.31 0.39± 0.01 < 0.06 0.28± 0.02 1.19± 0.08 < 0.03 82.4± 1.62 99.81
0.03± 0.02 13.96± 0.29 0.26± 0.01 < 0.06 0.29± 0.02 3.44± 0.11 < 0.03 82.06± 1.61 100.04
< 0.02 19.96± 0.37 0.32± 0.01 < 0.06 0.21± 0.02 0.94± 0.07 < 0.03 78.48± 1.57 99.9
< 0.02 15.65± 0.32 0.23± 0.01 < 0.06 0.28± 0.02 1.13± 0.07 < 0.02 84.01± 1.64 101.31
< 0.02 10.7± 0.25 0.33± 0.01 < 0.06 0.34± 0.02 1.5± 0.08 < −0.04 88.26± 1.69 101.11
< 0.02 0.44± 0.06 0.1± 0.01 < 0.06 0.46± 0.02 1.88± 0.09 < 0.04 97.27± 1.81 100.09
< 0.02 13.76± 0.29 0.53± 0.01 < 0.06 0.3± 0.02 1.28± 0.08 < 0.03 85.16± 1.65 101
< 0.02 14.48± 0.3 0.38± 0.01 < 0.06 0.28± 0.02 1.27± 0.08 < 0.03 84.24± 1.64 100.67
< 0.02 15.93± 0.32 0.35± 0.01 < 0.06 0.25± 0.02 1.08± 0.07 < 0.03 82.29± 1.62 99.92
< 0.02 6.32± 0.19 0.26± 0.01 < 0.06 0.43± 0.02 1.64± 0.08 < 0.01 93.26± 1.76 101.84
< 0.02 3.06± 0.13 0.26± 0.01 < 0.06 0.46± 0.02 1.97± 0.09 < 0.03 94.54± 1.78 100.3
< 0.02 17± 0.33 0.41± 0.01 < 0.06 0.23± 0.02 5.26± 0.14 0.05± 0.03 78.49± 1.56 101.39
< 0.02 2.2± 0.11 0.37± 0.01 < 0.06 0.43± 0.02 2.1± 0.09 < 0.02 95.83± 1.79 100.92
< 0.02 13.58± 0.29 0.97± 0.02 < 0.06 0.22± 0.02 1.44± 0.08 < 0.03 84.94± 1.65 101.21
< 0.02 1.46± 0.09 0.13± 0.01 < 0.06 0.37± 0.02 1.93± 0.09 < 0.03 96.54± 1.81 100.39
< 0.02 39.11± 0.58 30.61± 0.18 0.27± 0.08 0.06± 0.01 0.63± 0.06 0.06± 0.03 28.94± 0.84 99.67
< 0.02 12.28± 0.27 0.4± 0.01 < 0.06 0.22± 0.02 1.92± 0.09 < 0.03 85.09± 1.65 99.94
< 0.02 8.35± 0.22 0.25± 0.01 < 0.06 0.05± 0.01 37.36± 0.42 0.09± 0.03 52.4± 1.16 98.47
< 0.02 0.63± 0.06 0.12± 0.01 < 0.06 0.45± 0.02 2.13± 0.09 < 0.05 97.65± 1.82 100.96
< 0.02 7.4± 0.2 0.24± 0.01 < 0.06 0.36± 0.02 1.72± 0.09 < 0.03 92.32± 1.75 101.99
< 0.02 8.45± 0.22 0.4± 0.01 < 0.06 0.34± 0.02 1.48± 0.08 < 0.04 90.07± 1.72 100.67
< 0.02 6.55± 0.19 0.32± 0.01 < 0.06 0.41± 0.02 1.74± 0.09 < 0.03 91.14± 1.73 100.17
< 0.02 19.04± 0.36 0.22± 0.01 < 0.06 0.2± 0.02 0.92± 0.07 < 0.03 79.42± 1.58 99.81
Table 5.8: EPMA analysis of shock melted sulfide nodules in the iron meteorites
studied.
5.3.3 Major and minor element compositions 241
Figure 5.27: Fe-Ni-S diagrams of composition of shock melted nodules measured
by EPMA in Chulafinnee, Bingera, Braunau and Gibeon. Fe, Ni and S have been
normalized to 100% therefore causing a distortion of the data when daubre´elite
and schreibersite are present (those phases contain respectively Cr and P as major
elements).
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5.3.3 Major and minor element compositions 243
Phosphide: Schreibersite and rhabdite
Schreibersite content of shock melted meteorites shows a larger spread in com-
position (Figure 5.28) than for unshocked meteorites (Figure 4.29). Some of the
schreibersite compositions of shocked meteorites have not been aﬀected and fill the
gap between 22 and 27 wt%Ni in Figure 4.29 to give a continuous curve and places
the range of IIAB compositions between the range of IABs and IIIABs. This is re-
markable, despite the ranges of compositions in each meteorite group showing a high
Ni cluster and a low Ni cluster, both types of cluster get richer in Ni from IABs to
IIABs to IIIABs. The ungrouped meteorites overlap those ranges. Those diﬀerent
schreibersite compositions are a consequence of the diﬀerent bulk compositions and
or thermal histories of the diﬀerent groups. Reed (1965) did not find a correlation
between bulk Ni content and schreibersite Ni content in individual meteorites. He
concludes that rhabdite forms by subsolidus exsolution from the kamacite and other
schreibersite inclusions that are located near taenite crystals form by exsolution of
taenite but are later found in the kamacite due to thinning of the taenite band.
Most of the schreibersite studied here are associated with sulfide nodules and their
mechanism of formation is therefore more likely to be purging of the P liquid upon
crystallization of the trapped melt pocket as described by Esbensen and Buchwald
(1982). In this case, the schreibersite composition could relate to the composition
of the trapped melt pocket and therefore of the trapped magma. However, bulk Ni
content of IIABs is lower than IABs and the range of composition for IABs overlaps
and supersedes the range of composition for IIIABs.The thermal history is therefore
probably the most important factor controlling the schreibersite composition.
Some schreibersite compositions of shocked meteorites show anomalous Ni and
Co contents (Figure 5.28), these come from grains that have recrystallized and are
also sometimes associated with recrystallized grains of kamacite (Figure 5.25).
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Figure 5.28: Cobalt versus nickel content in schreibersite of the iron meteorites
studied. IABs are shown in red, IC in grey, IIABs in blue (all shock-melted), IIIABs
in green and ungrouped meteorites in purple.
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5.3.4 Trace element compositions
LA-ICP-MS analyses have been performed in situ on diﬀerent phases seen on the
thick sections of Bingera, Braunau, Chulafinnee and Gibeon. Kamacite and plessite
for the Fe-Ni metal and troilite for the sulfides have been probed. Fragments of
sulfides from other meteorites have also been dissolved for analysis by Solution-
ICP-MS.
LA-ICP-MS
Fe-Ni metal
Fe, Co, Ga, Ge, Au, P, V, Cr, Mn, Cu, As, Mo, Ag, Sn, Sb, W, Ni, Ru, Rh, Pd, Re,
Os, Ir and Pt have been measured in kamacite of Bingera, Braunau, Chulafinnee and
Gibeon (Table 5.11) and plessite of Chulafinnee and Gibeon (Table 5.12). Bingera
and Braunau are both hexahedrites which therefore do not contain plessite or taen-
ite. The most volatile element measured in the metal is Sn with a 50% condensation
temperature of 704 degrees K in a gas of solar system composition (Lodders (2003)).
The plots of abundances relative to Ni and CI with elements ordered by increasing
volatility (Figure 5.30 and Figure 5.29) show similar patterns to unshocked mete-
orites (Figure 4.47 and Figure 4.45).
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Group Meteorite Number of Medians
analyses Fe (wt%) Co Ga Ge Au P V Cr
IIAB Bingera Copenhagen 3 95.79± 3.03 4470± 162 57.47± 2.54 175.20± 6.61 0.58± 0.12 1325.82± 315.40 0.25± 0.05 77.37± 3.52
Braunau 4 95.11± 3.01 4510± 149 57.74± 1.82 181.25± 6.51 0.57± 0.05 2048.45± 372.55 0.07± 0.03 43.28± 1.70
IIIAB Chulafinnee 4 93.47± 2.96 5035± 169 19.59± 1.10 38.81± 2.15 0.50± 0.05 1255.00± 229.52 0.12± 0.03 41.22± 1.74
IVA Gibeon 1 95.61± 3.03 3994± 127 2.11± 0.35 < 1.55 0.94± 0.28 511.67± 130.71 0.57± 0.27 457.04± 18.80
Group Meteorite Number of Medians
analyses Mn Cu As Mo Ag Sn Sb W
IIAB Bingera Copenhagen 3 1.48± 0.35 124.36± 5.50 5.29± 0.91 6.15± 0.44 < 0.17 1.57± 0.51 0.31± 0.08 2.53± 0.19
Braunau 4 0.79± 0.17 130.07± 4.37 4.57± 0.48 6.62± 0.35 < 0.06 1.22± 0.36 0.09± 0.03 3.29± 0.15
IIIAB Chulafinnee 4 0.91± 0.20 128.31± 4.53 4.25± 0.49 6.55± 0.36 < 0.06 1.09± 0.41 < 0.08 1.31± 0.08
IVA Gibeon 1 6.56± 1.05 65.59± 3.13 < 7.93 4.81± 1.00 < 0.61 1.72± 0.46 < 0.16 0.94± 0.24
Group Meteorite Number of Medians
analyses Ni (wt%) Ru Rh Pd Re Os Ir Pt
IIAB Bingera Copenhagen 3 5.21± 0.17 15.96± 0.84 2.97± 0.17 1.92± 0.18 0.23± 0.06 0.98± 0.16 3.45± 0.21 22.21± 0.98
Braunau 4 5.86± 0.19 20.66± 0.75 3.27± 0.15 1.82± 0.14 1.00± 0.07 6.34± 0.27 12.02± 0.43 29.38± 0.96
IIIAB Chulafinnee 4 7.25± 0.25 9.18± 0.49 1.86± 0.09 1.98± 0.14 0.63± 0.07 6.36± 0.31 6.81± 0.24 13.18± 0.48
IVA Gibeon 1 7.38± 0.25 4.69± 0.90 1.20± 0.24 4.60± 0.74 < 0.21 0.89± 0.45 2.73± 0.27 5.09± 0.65
Group Meteorite Number of Standard deviations
analyses Fe (wt%) Co Ga Ge Au P V Cr
IIAB Bingera Copenhagen 3 0.58± 0.02 174± 6 0.56± 0.03 3.71± 0.15 0.03± 0.01 73.12± 17.40 0.02± 0.01 74.88± 2.98
Braunau 4 1.17± 0.04 228± 10 0.63± 0.02 2.59± 0.09 0.05± 0.00 631.96± 114.89 0.00± 0.00 8.25± 0.23
IIIAB Chulafinnee 4 0.28± 0.01 201± 18 0.72± 0.04 0.90± 0.05 0.00± 0.00 62.38± 11.43 0.02± 0.00 28.29± 0.95
IVA Gibeon 1
Group Meteorite Number of Standard deviations
analyses Mn Cu As Mo Ag Sn Sb W
IIAB Bingera Copenhagen 3 0.06± 0.02 1.95± 0.09 1.52± 0.16 0.63± 0.02 0.44± 0.04 ±0.01 0.23± 0.02
Braunau 4 0.14± 0.02 3.56± 0.11 0.26± 0.03 0.92± 0.04 0.06± 0.05 0.00± 0.00 0.13± 0.01
IIIAB Chulafinnee 4 0.18± 0.02 11.75± 0.42 0.24± 0.02 0.35± 0.02 0.18± 0.04 0.03± 0.00
IVA Gibeon 1
Group Meteorite Number of Standard deviations
analyses Ni (wt%) Ru Rh Pd Re Os Ir Pt
IIAB Bingera Copenhagen 3 0.14± 0.00 0.56± 0.03 0.05± 0.00 0.12± 0.01 0.09± 0.00 0.11± 0.00 0.12± 0.01 0.41± 0.01
Braunau 4 0.33± 0.01 0.09± 0.01 0.12± 0.00 0.11± 0.00 0.03± 0.00 0.43± 0.01 0.26± 0.01 1.30± 0.03
IIIAB Chulafinnee 4 0.17± 0.01 0.47± 0.02 0.06± 0.00 0.12± 0.01 0.04± 0.00 0.24± 0.01 0.13± 0.01 0.19± 0.01
IVA Gibeon 1
Table 5.11: Trace elements in kamacite of shock-melted iron meteorites measured
by LA-ICP-MS. Medians (top) and standard deviations (bottom).
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Groupe Meteorite Fe Co Ga Ge Au P V Cr
IIAB Chulafinnee 808893± 25583.48 2664.26± 103.48 31.2± 1.74 38.43± 2.14 1.16± 0.09 491.72± 90.46 < 0.09 107.31± 3.96
IVA Gibeon 934024.81± 29580.29 3504.07± 110.97 2.89± 0.35 < 2.16 1.48± 0.29 532.57± 133.37 0.64± 0.19 57.25± 4.63
Groupe Meteorite (cont.) Mn Cu As Mo Ag Sn Sb W
IIAB Chulafinnee 0.99± 0.23 737.74± 25.72 2.69± 0.43 8.95± 0.45 < 0.06 < 1.12 < 0.09 1.23± 0.09
IVA Gibeon 19.02± 0.86 260.45± 9.44 8.03± 2.97 6.82± 0.95 1.64± 0.44 0.53± 0.08 0.51± 0.18
Groupe Meteorite (cont.) Ni Ru Rh Pd Re Os Ir Pt
IIAB Chulafinnee 209156.3± 7215.9 24.75± 1.17 3.51± 0.15 6.2± 0.29 0.84± 0.08 7.38± 0.37 8.1± 0.28 17.78± 0.63
IVA Gibeon 109057.8± 1585.6 5.38± 0.82 1.49± 0.23 4.49± 0.68 0.35± 0.14 3.09± 0.47 2.46± 0.22 5.95± 0.57
Table 5.12: Trace elements in plessite of shock-melted iron meteorites measured by
LA-ICP-MS in ppm.
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Figure 5.29: LA-ICP-MS trace elements composition of kamacite in shock-melted
iron meteorites. Top: elemental abundances in ppm, elements are in order of increas-
ing volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration in the sample.
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Figure 5.30: LA-ICP-MS trace elements composition of plessite in shock-melted iron
meteorites. Top: elemental abundances in ppm, elements are in order of increas-
ing volatility. Middle: elemental abundances normalised to CI. Bottom: elemental
abundances normalised to CI and Ni concentration in the sample.
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Sulfides
LA-ICP-MS
The shock-melted nodules have been measured by LA-ICP-MS (Table 5.13). The
results show highly varying amounts of sulfur, chromium, phosphorus, iron and
nickel according to the relative proportions of troilite, daubre´elite, schreibersite and
Fe-Ni metal sampled by the 80 µm beam of the LASER. Selenium is the only element
that is a strong chalcophile, selenium and sulfur contents are correlated with a
correlation coeﬃcient of 0.77. The selenium from troilite and daubre´elite has been
diluted in the sample in the same proportions as sulfur. Therefore, by using the
abundance of sulfur it is possible to estimate the selenium content of the sulfide in
the samples. Pristine troilite has 35 wt% sulfur, the samples measured have between
12.6 wt% sulfur in Braunau and 29.76 wt% sulfur in Bingera. The corrected selenium
content in sulfide is 86 ppm in Bingera (IIAB), 108 ppm in Braunau (IIAB), 67 ppm
in Chulafinnee (IIIAB) and 138 ppm in Balfour Downs (IAB). No sulfur data is
available for Gibeon, but by using the modal mineralogy of shock-melted nodules
(Table 5.5) obtained from integration on SEM images, it is also possible to estimate
the sulfide selenium content. This gives 87 ppm for Bingera (IIAB), 100 ppm for
Braunau (IIAB), 56 ppm for Chulafinnee (IIIAB) and 36 ppm for Gibeon (IVA).
The results for both methods are in good agreement however the first technique is
more accurate as it takes into account the mineralogy in the volume sampled by the
LASER while the second method uses the modal mineralogy of the whole nodule.
Therefore, the results for the first method will be used in the thesis, except for
Gibeon where sulfur has not been measured. Furthermore, in the meteorite Balfour
Downs, both unshocked and shocked troilite were analysed. Pristine troilite yields
148.19 ± 7.76 ppm of selenium and calculated selenium content in the sulfide with
method 1 gives 138 ppm. This confirms that: (1) there is no loss of selenium from
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shock-melting; (2) the abundance of sulfur is an accurate indicator of the abundance
of selenium.
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Group Meteorite Na Ca P S (wt%) Ti V Cr Mn
IAB Balfour Downs 18.63± 0.88 34.98± 3.61 9.2± 2.16 53.96± 1.68 428.61± 13.15 55.06± 13.33
6.92± 0.35 24.75± 2.55 4.24± 1.03 32.3± 1.02 393.73± 12.08 51.63± 12.5
2073.45± 96.82 23.7± 2.44 4.84± 1.18 36.59± 1.15 270.81± 8.32 35.65± 8.63
5.72± 0.29 22.37± 2.31 5.83± 1.39 34.85± 1.09 247.37± 7.59 64.69± 15.66
IIAB Bingera Copenhagen 2724.63± 104.37 23.07± 3.45 3.31± 0.42 209.49± 6.65 4553.67± 164.95 15.58± 1.72
1146.98± 43.94 27.03± 4.05 3.43± 0.42 250.43± 7.94 4927.69± 178.49 17.11± 1.89
1157.18± 44.33 27.85± 4.17 3.41± 0.42 263.36± 8.35 5319.26± 192.67 17.45± 1.93
795.84± 30.49 29.76± 4.46 3.02± 0.37 289.32± 9.17 6428.05± 232.83 21.12± 2.33
2360.35± 90.41 22.83± 3.42 2.4± 0.32 232.4± 7.37 4555.82± 165.03 15.24± 1.68
IIAB Braunau 212.25± 6.68 12.6± 1.3 2.65± 0.68 89.05± 2.8 2195.59± 66 17.8± 2.73
181.44± 5.71 24.15± 2.49 4.4± 0.81 156.31± 4.9 5656.57± 170 40.78± 6.26
88.29± 2.79 22.59± 2.33 2.76± 0.57 158.27± 4.96 5099.02± 153.25 37.84± 5.81
160.87± 5.06 22.45± 2.32 2.86± 0.59 152.03± 4.77 4875.12± 146.52 36.11± 5.55
174.36± 5.49 19.52± 2.01 3.16± 0.66 153.86± 4.83 2407.22± 72.36 24.22± 3.72
IIIAB Chulafinnee 40.26± 1.54 18.6± 2.17 2.69± 0.64 74.27± 2.33 2528.41± 75.91 32.48± 13.4
44.67± 1.71 19.26± 2.24 3.14± 0.67 73.94± 2.32 2746.34± 82.45 31.51± 13
28.59± 1.1 16.75± 1.95 2.79± 0.66 64.08± 2.01 2258.88± 67.82 27.08± 11.18
21.08± 0.82 25.54± 2.97 4.28± 0.89 110.36± 3.46 2776.86± 83.37 38.75± 15.99
IVA Gibeon 60.64± 6.6 2.45± 0.72 32.52± 1.7 2.51± 0.73 267.43± 12.66 761.51± 26.23 39.7± 15.63
592.67± 64.6 1.55± 0.41 5.23± 0.31 163.85± 20.61 50.93± 2.47 21527.2± 744.72 470.28± 191.1
55.5± 6.45 < 0.74 2.64± 0.48 1.43± 0.57 100.4± 4.96 324.25± 11.38 25.52± 10.58
61.5± 7.4 1.76± 0.62 4.39± 0.61 2.04± 0.71 176.24± 8.79 593.81± 20.92 23.91± 10.13
49.41± 5.96 1.37± 0.41 7.63± 0.43 2.59± 0.47 22.05± 1.13 19446.09± 686.87 433.86± 188.12
838.09± 103.95 0.76± 0.27 5.91± 0.39 1.46± 0.38 31.84± 1.67 15991.85± 569.77 335.77± 149.21
53.81± 7.65 1.51± 0.64 5.44± 0.57 < 1.55 146.98± 8.03 3181.43± 116.66 23.94± 11.5
66.38± 9.8 1.98± 0.88 6.05± 0.73 2.32± 1.02 187.57± 10.47 3889.62± 144.2 26.21± 12.93
Group Meteorite (cont.) Fe Co Ni Cu Se Mo Pb
IAB Balfour Downs 62.68± 1.98 27.21± 1.12 549.37± 21.41 375.74± 59.07 148.19± 7.76 2.13± 0.18 8.43± 3.44
84.21± 2.66 4076.24± 166.76 5817.85± 226.7 199.17± 31.31 93.67± 5.38 2.24± 0.2 1.41± 0.75
69.21± 2.19 6899.09± 282.24 24704.54± 962.6 301.74± 47.44 95.94± 5.58 11.56± 0.94 7.19± 3
65.04± 2.06 2678.55± 109.58 5891.84± 229.58 408.74± 64.25 82.04± 4.67 3.54± 0.3 224.17± 90.98
IIAB Bingera Copenhagen 50.02± 1.58 492.53± 146.38 33885.02± 16887.21 2812.08± 503.36 56.14± 10.56 14.77± 1.1 46.87± 12.72
50.02± 1.58 617.11± 183.4 19994.82± 9964.78 3248.38± 581.45 71.39± 9.58 8.15± 0.61 1899.72± 513.17
50.02± 1.58 641.84± 190.75 18890.98± 9414.66 3320.28± 594.33 56.57± 8.87 8.95± 0.67 531.84± 143.69
50.02± 1.58 428.68± 127.4 13121.34± 6539.26 2259.05± 404.37 74.6± 9.65 7.76± 0.58 11.92± 3.26
50.02± 1.58 665.41± 197.76 25808.57± 12862.17 4120.54± 737.57 62.37± 10.42 13.12± 0.97 38.37± 10.42
IIAB Braunau 84.53± 2.67 4937.33± 662.41 12173.15± 2309.99 983.97± 40.31 35.12± 4.03 5.47± 0.48 4.81± 2.82
80.7± 2.55 2935.4± 393.82 9971.89± 1892.28 1983.32± 81.16 80.1± 4.96 17.72± 1.45 2.33± 1.47
84.53± 2.67 3515.2± 471.61 8855.61± 1680.45 1449.51± 59.32 69.3± 4.49 10.85± 0.89 7.83± 4.38
80.7± 2.55 3162.75± 424.32 10389.95± 1971.61 1433.66± 58.68 70.38± 4.52 10.43± 0.86 5.3± 3.01
84.53± 2.67 3304.52± 443.34 11057.67± 2098.32 1769.2± 72.42 60.3± 4.47 5.3± 0.46 < 1.76
IIIAB Chulafinnee 81.43± 2.58 4642.13± 2103.43 15480.18± 11183.34 1154.86± 61.52 36.89± 3.09 5.04± 0.4 12.17± 3.31
67.49± 2.13 3500.91± 1586.32 16378± 11831.96 959.46± 51.11 38.81± 2.85 5.79± 0.45 7.25± 2.01
73.99± 2.34 4185.99± 1896.75 15442.76± 11156.31 1206.29± 64.26 28.18± 2.81 6.73± 0.53 8.39± 2.32
71.68± 2.27 3021.46± 1369.08 16470.08± 11898.48 1357.24± 72.3 50.51± 3.56 5.38± 0.43 1.53± 0.64
IVA Gibeon 81.75± 2.59 2300.55± 1052.61 13392.51± 8054.56 1687.46± 399 19.93± 4.6 10.22± 1.56
18.72± 0.59 2.13± 1.02 24.52± 15.29 317.55± 78.06 41.61± 4 3.19± 0.49
44.46± 1.41 1116.46± 541.79 53967.36± 34404.66 1791.38± 450.56 10.14± 3.34 0.4± 0.18
71.65± 2.27 1464.42± 728.06 12826.87± 8377.37 1092.45± 281.73 18.77± 4.26 1.81± 0.38
18.62± 0.59 510.44± 260.4 1283.11± 859.86 438.49± 116.11 34.89± 3.67 10.72± 1.65
18.66± 0.59 367.4± 192.55 1572.77± 1082.68 1205.02± 328.02 30.7± 3.44 4.22± 0.72
68.23± 2.16 2414.99± 1377.58 6052.47± 4531.97 1032.27± 306.73 17.63± 3.88 2.05± 0.43
68.23± 2.16 2952.26± 1733.17 7016.04± 5404.6 677.04± 207.34 16.77± 4.72 3.29± 0.7
Table 5.13: LA-ICP-MS composition of sulfide nodules in shock-melted iron mete-
orites.
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Solution ICP-MS
Sulfide fragments from shock melted meteorites analysed by solution-ICP-MS show
higher nickel concentrations (Table 5.14) in the order of several thousands ppm
versus several hundreds for normal troilite (Table 4.18). This is due to the presence
of micrometer sized metal droplets finely intermixed with the sulfide. Because the
samples could not be analysed with the SEM, detailed mineralogy and textural
study from Buchwald (1975) has been used to identify which meteorites have been
shock-melted. Mayodan, Goose Lake and Santa Rosa have furthermore a larger
phosphorous content which can be explained by the presence of schreibersite in the
nodule. About 15 wt% of schreibersite is observed in the nodules of Bingera and
Braunau (Table 5.5), since schreibersite has about 16 wt% phosphorous this would
account for up to 24000 ppm of phosphorous in the sample. Santa Rosa also has
daubre´elite, which results in 2.65 wt% chromium.
The average sulfide abundance in the shock-melted nodules studied in the modal
mineralogy section (Table 5.5) is 69 wt%. This mode is used to determine the sele-
nium content of the sulfide from the solution-ICP-MS measured selenium abundance
in the samples (Table 5.14).This gives 33 ppm for Gibeon (IVA), which is very close
to the estimated 36 ppm in the LA-ICP-MS section above. The other corrected
selenium contents are 197 ppm in Goose Lake (IAB), 181 ppm in Woodbine (IAB),
148 ppm in Mesa Verde Park (IAB), 168 ppm in Santa Rosa (IC), 101 ppm in
Mayodan (IIAB) and 49 ppm in Altonah (IVA).
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5.4 Discussion
5.4.1 Composition and texture of shock melted nodules
For iron meteorites, the eutectic texture of sulfide is diagnostic of shock melt-
ing. Other textures indicative of melting have also been observed in the samples:
veins/lace patterns filled with sulfides (Braunau, Figure 5.7), mushroom and balloon
structures with tails reminiscent of plumes of shock-melted material intruding into
the schreibersite rim (Bingera, Figure 5.4). Larger crystals of daubre´elite in Gibeon
are present as broken fragments within an eutectic groundmass (Figure 5.15, the
only traces of plastic shock deformation observed in this chapter) and others show a
poikiloblastic texture (Figure 5.16) that could be the result of metamorphism. This
metamorphism could be caused by the latent heat of crystallization of the eutectic
groundmass. Furthermore, the largest shock-melted nodule observed in Gibeon is
zoned with sulfide-rich groundmass in the centre surrounded by metal-rich ground-
mass (Figure 5.15). This shows that the melt was able to homogenize only in the
smaller millimeter sized nodules. Other minerals surrounding the eutectic nodules
have recrystallized or been annealed. This is again potentially caused by the latent
heat of crystallization of the nodules. Recrystallised grains of kamacite are seen in
Bingera (Figure 5.4) and schreibersite and kamacite in Indian Valley (Figure 5.25).
The composition of the kamacite is diﬀerent from the kamacite lamella/bulk of the
meteorite. Annealed schreibersite is seen in Indian Valley.
The composition of the eutectic groundmass is about 60-70% sulfide. This is
similar to the modes found by Petaev and Marvin (1997) in Gibeon but in contrast
with the 1-4% sulfide observed by Breen et al. (2014) in IIIE meteorites. The eutectic
composition of the Fe-Ni-S diagram used by Esbensen and Buchwald (1982) and
Chabot and Haack (2004) gives 30 wt% S. Breen et al. (2014) postulates the loss
of S-rich gas to explain impoverishment of shock-melted nodules relative to shocked
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nodules. In the nodules studied here, assimilation of metal from the rim into the
nodule is enough to explain the lower abundance observed. Some of the nodules
however are surrounded by a schreibersite rim, in this case the groundmass also
includes schreibersite but the rim would need to be incomplete in order for the
nodule to be in contact with the surrounding metal.
In the IVA meteorites Albion and Gibeon, vugs with sulfide metal spheroids have
been described respectively by Buchwald (1992) and Petaev et al. (1997). Petaev
et al. (1996) interpretes the vugs as magmatic fluid inclusions or resulting from per-
colation of vapor through grain boundaries and sulfide nodules and dismiss shock-
melting as a possible cause. The spheroid deposits are reminiscent of hydrothermal
fluid deposits if compared to terrestrial rocks textures, with the caveat of having an
eutectic texture perhaps due to rapid cooling. Hydrothermal fluids are consistent
with the low equilibration temperatures (between 250 and 400 degrees celsius) cal-
culated by Petaev et al. (1996) and Petaev et al. (1997) using the Ni composition
of kamacite and tetrataenite in the spheroid deposits. Those hydrothermal fluids
would have mobilized the volatile elements present in the sulfides. It is possible
in our opinion that a large impact caused regional heating and mobilization of hy-
drothermal fluids; depending on the mantle’s thickness the cooling rate and size of
impact needed would vary. High cooling rates of IVA meteorites also argue for a
large impact stripping out the mantle of the IVA parent-body (Yang et al., 2008).
Equally, on Earth, hydrothermal fluids are the results of the internal processes vol-
canism and magmatism. Gibeon has been classically considered a shock-melted
meteorite (Buchwald (1975)). This does not preclude other possible mechanisms for
the vugs observed.
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5.4.2 Selenium content and selenium sulfur ratio
The sulfide selenium concentration has been calculated from the measured eutectic
nodule selenium concentration using two diﬀerent methods:
- The measured abundance of sulfur in the eutectic nodule relative to the abun-
dance in pure troilite;
- The mode of sulfide in the eutectic nodule.
Those two methods give consistent results showing that the abundance of sulfur is
an accurate indicator of the abundance of selenium.
The corrected sulfide selenium abundances for the shock melted meteorites (Ta-
ble 5.15) are within the same values than the selenium abundances measured for
unshocked meteorites. IABs vary between 148 and 196 ppm which is within the
previously measured 133-204 ppm range, and IIABs 86-108 ppm is within the pre-
viously measured 86-160 ppm. The IIIAB value of 67 ppm in Chulafinnee is a
bit lower than the 90-121 ppm range observed but still consistent. The IVAs have
36 and 49 ppm respectively for Gibeon and Altonah which is close to Duchesne’s
58 ppm. Only limited data is available for the IVAs but the tendency shows an
increasing sulfide Se content with increasing bulk Ni content, contrary to what has
been observed for other meteorites. Furthermore, in Balfour Downs pristine troilite
and corrected sulfide selenium concentration from an eutectic nodule give similar
results. It is therefore deduced there is no loss of selenium from shock-melting.
The bulk selenium content has been calculated in the same way as in Chapter 4
subsection 4.4.3 and the results are given in Table 5.15. The corrected selenium
contents are used for this calculation. The bulk selenium vs. bulk S plots for shock-
melted irons (Figure 5.31) shows the same correlation as for pristine meteorites, this
is consistent with shocked meteorites having remained closed-systems. The IAB
Goose Lake and the IC Santa Rosa lie on the CI line. The 2 IIABs Mayodan and
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Group Meteorite
Bulk Ni
(wt%)
Bulk S
(ppm)
Measured
sulfide Se
(ppm)
Corrected
sulfide Se
(ppm)
Technique for
measurement of
Se
IAB Goose Lake 8.30 a 135± 2 196 Solution-ICP-MS
Mesa Verde Park 11.33 a 102± 7 148 Solution-ICP-MS
Woodbine 9.69 a 125± 4 181 Solution-ICP-MS
IC Santa Rosa 6.63 c 3000 b 116± 2 168 Solution-ICP-MS
IIAB Bingera 5.64 b 64 86 LA-ICP-MS
Braunau 5.39 b 800 b 63 108 LA-ICP-MS
Mayodan 5.62 b, e, f 30 b 70± 2 101 Solution-ICP-MS
IIIAB Chulafinnee 7.42 b 39 67 LA-ICP-MS
IVA Altonah 8.43 q 5000 b 34± 1 49 Solution-ICP-MS
Gibeon 7.93 b 24 36 LA-ICP-MS
Table 5.15: Ni, Se and S concentrations in shock-melted meteorites studied. Ref-
erences, a: Wasson and Kallemeyn (2002), b: Buchwald (1975), c: Scott and Wasson (1975), e:
Lewis and Moore (1971), f: Henderson and Perry (1953), q: Wasson and Richardson (2001).
Braunau lie on the IIIAB line, suggesting that the IIAB parent-body has lost Se and
S similarly to the IIIAB parent-body. The IVAs Gibeon and Altonah would lie on
a line which is even more depleted. This is in agreement with observed abundances
in sulfur in IVAs being lower than in IABs, IIABs and IIIABs and presence of vugs
in Gibeon likely due to the loss of a sulfide rich gas (Petaev et al., 1996).
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Figure 5.31: Sulfide selenium content versus bulk sulfur content in the iron mete-
orites studied.
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5.4.3 Volatile depletion pattern in shock melted meteorites
LA-ICP-MS measurements
There is a good agreement in metal composition measured by LA-ICP-MS and lit-
erature values (Table 5.16). Because there are only 4 shocked samples, averaging by
group would not give a meaningful result. Meteorites are therefore shown individu-
ally on the elemental abundances relative to CI and Ni versus elements by increasing
order of volatility plot (Figure 5.32). Braunau has a low bulk nickel content, the
plateau of refractory elements is therefore shifted upward after normalization to Ni.
This is only an artefact of the calculation and not seen for the IIAB group as a
whole. The shocked meteorites show a depletion of moderately volatile elements
(with 50% condensation temperatures between 1350 and 650 degrees K) similar to
unshocked meteorites. Therefore, here again there is no sign of volatile loss related
to shock-melting. The IVA Gibeon is more depleted than meteorites from other
groups.
Meteorite Group Structure Mineral Ni Co P S Ga Ge Ir Reference
wt% wt% wt% wt% ppm ppm ppm
Bingera IIAB hexahedrite Bulk 5.64 0.49 0.24 59 185 3.2 Buchwald (1975)
Kamacite 5.21 0.45 57 175 3.4 This study
Braunau IIAB hexahedrite Bulk 5.39 0.44 0.24 0.08 59 183 12 Buchwald (1975)
Kamacite 5.86 0.45 58 181 12 This study
Chulafinnee IIIAB medium octahedrite Bulk 7.42 0.5 0.17 17.8 33.7 5.5 Buchwald (1975)
Kamacite 7.25 0.5 19.6 38.8 6.8 This study
Plessite 20.92 0.27 31 38.4 8.1 This study
Gibeon IVA fine octahedrite Bulk 7.93 0.41 0.04 2 0.12 2.3 Buchwald (1975)
Kamacite 7.38 0.4 2 <1.55 2.7 This study
Plessite 10.91 0.35 3 2.5 This study
Average from Balfour
Downs, Cambria and
Mbosi
Schreibersite 21.18 0.18 14.52 <0.07 1.11 0.04 This study
Table 5.16: Comparison of composition of measured metallic mineral phases and
bulk metal from the litterature
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Figure 5.32: Volatile depletion in shock melted iron-meteorites, calculated from LA-
ICP-MS measurements. Top: abundances normalised to CI and Ni versus elements
by increasing order of volatility. Bottom: abundances normalised to CI and Ni
versus 50% condensation temperature (TC).
Solution-ICP-MS measurements
Solution-ICP-MS measurements and metal literature data are used to calculate the
bulk composition of the iron meteorites studied. A plot of elemental abundances
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normalized to CI and Ni content versus elements by increasing order of volatility
(Figure 5.33) give similar results to unshocked samples. The IVAs meteorites Al-
tonah and Gibeon have the lowest abundances of moderately volatile elements with
the IC Santa Rosa.
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Figure 5.33: Volatile depletion in shock melted iron-meteorites, calculated from
Solution-ICP-MS measurements. Top: abundances normalised to CI and Ni versus
elements by increasing order of volatility. Bottom: abundances normalised to CI
and Ni versus 50% condensation temperature (TC).
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5.5 Conclusion
Shocked iron meteorites show melting and recrystallization textures of sulfide nod-
ules and surrounding material. The sulfides are recrystallized to a micrometer
sized eutectic mixture consisting of blebs of metal (kamacite and Ni-rich taenite or
tetrataenite) and troilite, with sometimes also daubre´elite and schreibersite. How-
ever, the selenium content of the troilite and the bulk moderately volatile elements
content of the meteorite have not been aﬀected by the shock-melting. The iron
meteorites studied have remained closed system due to absence of pathways to the
surface and the meteorites have experienced shock as interior fragments. The bulk
selenium vs. bulk sulphur contents confirm the trends observed in chapter 4 for IABs
and suggest for IIABs similar depletion to IIIABs and greater depletion for IVAs,
which is consistent with observation of vugs with loss of a sulfide-rich gas phase in
Gibeon. The range of Co vs. Ni composition of schreibersite is also augmented with
IIABs filling the gap between IABs and IIIABs observed in Chapter 4. The diﬀerent
ranges of composition of schreibersite in diﬀerent groups is attributed to diﬀerent
bulk composition and thermal histories of the parent-bodies.
Chapter 6
Conclusion
Nothing to be done.
Samuel Becket
Studying the mineralogy and texture is of prime importance when considering
the chemical composition of meteorites. Particularly in the case of heterogeneously
distributed accessory minerals like sulfides which contain high concentration of oth-
erwise rare elements. Indeed, chalcophile elements such as selenium and sulfur are
present in very low abundances in the metal. The inclusions can themselves be highly
heterogeneous, e.g. some have an eutectic texture or contain exsolution lamella, and
others highly homogeneous, e.g. the troilite from Cape York is homogeneous down
to trace element abundances. The mineralogical and textural study of the samples
has enabled characterization of two secondary eﬀects that can aﬀect the primary
composition of the iron meteorites studied: terrestrial weathering and cosmic shock.
6.1 Terrestrial weathering of iron meteorites
Terrestrial weathering is controlled by porosity in chondrites but iron meteorites
have no primary porosity. Secondary porosity in iron meteorites is controlled by
fracturing, which can be caused by shock, thermal fatigue or terrestrial atmospheri-
cal entry. Weathering occurs preferentially along those fractures but also along grain
boundaries. Furthermore, iron oxide and hydroxides are the weathering products of
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the metal phase, they have a larger density than the original metal and can cause
expansion of the fractures. This is not the case for sulfide weathering products.
Chemical alteration of troilite (FeS) nodules produced pentlandite ((Fe,Ni)9S8)
and heazlewoodite (Ni3S2) in Dronino, Patos de Minas and Nantan. Sulfide alter-
ation is seen around troilite nodule when the meteorite has been extensively weath-
ered. The pervasively weathered iron meteorites studied come from locations with
diﬀerent climates (desert to tropical climate) but have all been found buried in the
ground. Interaction with groundwater and other components in the soil are there-
fore an important factor when considering terrestrial weathering of iron meteorites.
Several authors also report formation of chlorine-bearing weathering products. The
abundance of chlorine in iron meteorites being very low, this chlorine likely comes
from the terrestrial groundwater.
The sulfide weathering products form successive fine-grained rims around the
nodule. A troilite-pentlandite rim surrounds the pristine troilite core, with enrich-
ment in Ni and Co of a few wt%. A second rim formed of a pentlandite-heazlewoodite
assemblage is even richer in Ni (tens of wt%) but does not contain appreciable
amounts of Co. The second rim results is explained by a lower fugacity of sulfur
than the first rim. Ni content in the sulfide weathering products is larger than in
the troilite (pristine troilite Ni concentration is at ppm level) and in the kamacite
(the kamacite is more readily weathered and more abundant than taenite). The Ni
has been concentrated in the fluid relative to Fe which precipitates to form iron ox-
ides and hydroxides. The composition of the pentlandite and the heazlewoodite are
similar to what is found in hydrothermal ores on Earth for troilite-pentlandite and
pentlandite-heazlewoodite assemblages. Those ores have low equilibration tempera-
tures and low sulfur and oxygen fugacity. In the sulfide phases, other trace elements
than Ni and Co are not aﬀected by terrestrial weathering.
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6.2 Cosmic shock in iron meteorites
Cosmic shocks in iron meteorites when extensive can modify the structure of the
metal phase, but it is more commonly seen as shock-melting of the sulfide nodules.
Those nodules then show fine-grained blebs of troilite, kamacite and tetrataenite
(or Ni-rich taenite), with sometimes also daubre´elite and schreibersite. The tex-
ture is termed “eutectic texture” and is reminiscent of a quenched liquid, with only
daubre´elite showing subhedral crystals. In some cases, plumes of once molten sulfide
liquid and submicrometre veins of sulfide have scavenged the surrounding schreiber-
site rim or metal. Some schreibersite grains have been annealed, probably by the
latent heat of crystallization of the sulfide liquid, other schreibersite and kamacite
grains with an anomalously low Co content and equant subhedral habits, have re-
crystallized.
The texture and mineralogy of shock-melted nodule has been deeply changed.
The composition of the troilite however has not been aﬀected. If the change in
modal mineralogy is accounted for (addition of metal and sometimes schreibersite),
the calculated selenium content in the troilite is similar to pristine troilite. The
selenium being a strong chalcophile has remained in the troilite despite its volatility.
The bulk elemental composition of shocked irons is also similar to unshocked irons
when considering moderately volatile to strongly volatile elements. This shows that
the meteorite remained a closed-system through shock-melting and the meteorites
have experienced shock as interior fragments.
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6.3 Volatile element depletion patterns of iron me-
teorites
The detailed mineralogical and textural examination of samples coupled with their
chemical analysis has disentangled the eﬀects of the secondary processes of terrestrial
weathering and cosmic shock from the primary composition of the iron meteorites.
Troilite measurements in Dronino, Patos de Minas and Nantan containing wt%
levels of Ni and Co are not used for calculating the primary bulk composition of
these irons. Analysis of meteorites with shock-melted nodules can however be used
because the compositions have not been aﬀected by cosmic shock.
Diﬀerences in individual meteorites are attributable to parent-body processes,
but the average composition of each meteorite group is related to the bulk composi-
tion of the parent-body which depends upon the composition of material condensed,
agglomerated and accreted in the region of the solar nebula where the parent-body
formed. This is why an average composition per group is considered in this study.
A caveat to this statement happens when the bulk composition of the parent-body
could have been modified by a large scale process, if material of a particular compo-
sition was added or lost on an planetoid/asteroid wide scale. For example, there is a
mismatch between the sulfur content of parent-magma of magmatic irons calculated
from solid metal-liquid partition coeﬃcients and the sulfur content actually found
in iron meteorites. This could be explained by loss of the S-rich eutectic liquid at
the end of the core crystallization process. Loss of the last crystallization liquid or
a volatile-rich gas could be explained by volcanism or a porous mantle. Existence of
a gas phase and a porous mantle directly above the core have already been argued
for by Wasson and Choi (2003) in their study of pallasites.
The bulk composition of iron meteorites have volatile depletion pattern with
similar shapes to the ordinary chondrites. However they have greater volatile deple-
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Figure 6.1: Bulk 2 LA-ICP-MS: group averages of calculated bulk compositions of
the iron meteorites studied by LA-ICP-MS, with 10% troilite and 5% schreibersite.
Top: elemental abundances normalised to CI composition and nickel content vs.
elements by order of increasing volatility. Bottom: elemental abundances normalised
to CI composition and nickel content vs. 50% condensation temperatures from
Lodders (2003).
tion, which could indicate that the iron meteorite parent-bodies formed at smaller
heliocentric distances than the chondrite parent-bodies. There is a higher depletion
in Ag, Cd and Pb (and to a lesser extent in Cu and Sb) seen both in the ordinary
chondrites and in the iron meteorites but with greater depletion in the irons. The
process responsible for the depletion of those elements, perhaps related to chondrule
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formation, was therefore amplified at lower heliocentric distance. If those elements
were more volatile than the model of Lodders 2003 predicts, they should also be
depleted in carbonaceous chondrites but this isn’t the case.
Because shock didn’t induce loss of the volatile elements studied in our sample,
the bulk elemental compositions can be used to complete the dataset of pristine
meteorites to produce volatile depletion plots of the IABs, IC, IIABs, IIIABs, IVAs
and Pallasites. This is shown in Figure 6.1 for LA-ICP-MS results and Figure 6.2
for Solution-ICP-MS results, which are normalized to CI chondrites and Ni content.
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Figure 6.2: Bulk 2 Solution-ICP-MS: group averages of calculated bulk composi-
tions of the iron meteorites studied by Solution-ICP-MS, with 10% troilite. Top:
elemental abundances normalised to CI composition and nickel content vs. elements
by order of increasing volatilty. Bottom: elemental abundances normalised to CI
composition and nickel content vs. 50% condensation temperatures from Lodders
(2003).
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Due to its concentration in sulfide, the selenium abundance has been well char-
acterized. Selenium is a strong chalcophile and one of the most volatile moderately
volatile elements. The selenium content of the sulfide is inversely correlated to bulk
Ni content and the bulk selenium vs. bulk sulfur content show loss of a sulfide liquid
from the IIAB, IIIAB and IVA parent-bodies (with greater depletion in the IVAs)
but not from the IAB group which lies on the CI line. This is attributed to an
escape of the last sulfide rich fluid after fractional crystallization of the core and is
consistent with observation of vugs with loss of a sulfide-rich gas phase in the IVA
Gibeon made by Petaev et al. (1996).
6.4 Future work
The higher depletion in Ag, Cd and Pb (and to a lesser extent in Cu and Sb)
seen in ordinary chondrites and iron meteorite parent-body could be related to the
chondrule forming process, particularly if those elements are secondary lithophiles.
This needs to be explored further. The volatile element depletion patterns could
also be used to model the formation of the solar system with material of diﬀerent
compositions forming at diﬀerent heliocentric distances.
Glossary
Ce qui se conc¸oit bien s’e´nonce clairement - Et les mots pour le dire ar-
rivent aise´ment.
Nicolas Boileau
Anhedral: Crystal that does not show characteristic faces, lumpy. Opposite of
euhedral.
Brezina lamella: centimeter long and millimeter wide “lamella of schreibersite
oriented on planes of the rhombic dodecahedron”. See Spencer (1951) for historical
and mineralogical information.
Euhedral: Well formed crystal with sharp characteristic faces. Opposite of an-
hedral.
Kamacite: body-centered cubic Fe-Ni alloy.
Partitioning coeﬃcient: ratio of an element concentration between two immisci-
ble phases. These phases can be in diﬀerent states (liquid and solid for example).
Plessite: texture composed of fine grains of kamacite, taenite and tetrataenite. It
fills the gaps between the larger bands of kamacite and taenite forming the Wid-
manstatten pattern. Several types of plessite are distinguished: cellular, comb and
net, pearlitic, etc. See Goldstein and Michael (2006) for more information about
plessite formation.
Rhabdite: euhedral schreibersite (iron nickel phosphide) microcrystal exsolved
from the metal upon cooling of the iron meteorite.
Reichenbach lamella: centimeter long and millimeter wide lamella of troilite ori-
ented on planes of the rhombic dodecahedron. See Spencer (1951) for historical and
mineralogical information.
Subhedral: Well formed crystal with sharp faces but slightly rounded edges.
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Symplectite/symplectitic: texture consisting of an intergrowth of crystals at the
micrometer or submicrometer scale. They form for decomposition of a parent crystal
which becomes out of equilibrium du to change in physicochemical conditions.
Taenite: face-centered cubic Fe-Ni alloy.
Tetrataenite: tetragonal form of taenite.
Troilite: sulfide mineral of stoechiometric FeS composition.
Volatile depletion pattern: characteristic depletion of moderately volatile ele-
ments abundances in chondrites relative to the CI chondrites composition which are
thought to represent solar system composition.
Volume diﬀusion: diﬀusion of atoms across a crystal lattice.
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LA-ICPMS TRACE ELEMENT COMPOSITION OF 
METAL AND SULPHIDE IN 3 ORDINARY CHONDRITE 
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Mineralogy, Natural History Museum, London, UK. 3Department 
of Earth Sciences, The Open University, Milton Keynes, UK. 
4Dept. of Applied Geology, Curtin University of Technology, 
Perth, Australia. 
 
Introduction: Trace element compositions are a particularly 
powerful tool for the study of geochemical processes. Indeed, 
variations of compositions can span several orders of magnitude 
[1] and the elements themselves have a wide range of condensa-
tion temperatures and geochemical behaviors [2]. Chondrites 
show different trace elements depletion patterns; their cause is 
still subject to debate [2, 3, 4]. Some elemental concentrations 
might vary with petrological type, this would mean that the trace 
element composition is also influenced by metamorphism [4, 5, 
6]. We hope to contribute to these debates by using LA-ICPMS 
to provide quantitative trace element abundances for chondritic 
metal and sulphide. Our first test samples were 3 equilibrated 
ordinary chondrite falls: Butsura (H6), Ogi (H6) and Mezo-
Madaras (L6 fragment of L3.7-6 breccia). 
Method: In-situ trace elements measurements have been per-
formed using the LA-ICPMS at the Open University with LA-
SER settings of 80 m spot size, 10 passes 5 m deep on each 
point and a 180 to 200 sec wash-out time between points. Fur-
thermore, Fe, Ni and Co concentrations have been measured by 
Electron Micropobe at the Natural History Museum and Fe con-
centration used as an internal standard for LA-ICPMS measure-
ments. The CI composition and volatility sequence used for in-
terpreting the trace elements data is from [7]. 
Results and discussion: Average Co concentration in kama-
cite are 5.00.2 mg/g in Butsura, 5.00.8 mg/g in Ogi and 
8.40.2 mg/g in Mezo-Madaras, which is consistent with the 
litterature [8, 9, 10]. 19 trace elements were above detection lim-
its in metal and sulfide grains: 4 moderately volatile/normally 
depleted elements (Cu, Ag, Ga, Ge) [3, 4] and 15 more refractory 
elements (Re, Os, W, Ir, Mo, Ru, V, Pt, Rh, Pd, Cr, P, Mn, As 
and Au). Individual metal and sulphide grains show a depletion 
pattern when elements are ordered in a volatility sequence. Indi-
vidual kamacite grains show a similar pattern while variations in 
the Ni-rich metal trace element composition seems correlated to 
the difference in Ni concentration. Sulphide composition is the 
most widespread - it could be caused by matrix effects related to 
the choice of standard. We will also discuss the effect of prox-
imity to the fusion crust on trace elements results. 
References: [1] Shaw D. M. 2006. In Trace elements in magmas - A 
theoretical treatment. p. 2. [2] Bland P. A. et al. 2005. Proceedings of the 
National Academy of Sciences 102:13755-13760. [3] Larimer J. W. and 
Anders E. 1967. Geo. Cosm. Act. 31:1239-1270. [4] Wasson J. T. and 
Chou C.-L. 1974. MAPS 9:69-84. [5] Keays R. R. et al. 1970. Geo. Cosm. 
Act. 35:337-363. [6] Takahashi H. et al. 1978. Geo. Cosm. Act. 42:1859-
1869. [7] Lodders K. 2003. The Astrophysical Journal 591:1220-1247. 
[8] Afiattalab F. and Wasson J.T. 1979. Geo. Cosm. Act. 44: 431-446. [9] 
Sears D.W. and Axon H.J. 1976. Nature 260:34-35, [10] Kallemeyn 
G.W. et al. 1989. Geo. Cosm. Act. 53:2747-2767. 
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Introduction: Determining the bulk trace element composi-
tion of iron meteorites is of interest for defining parent magmas 
[1], and the nature of precursor materials. This requires that chal-
cophile elements concentrated in the sulphide inclusions (nod-
ules) that distributed throughout the meteorite be taken into ac-
count. Here we measured the trace element concentrations of 
metal and sulphides in Nantan (IAB), Toluca (IAB), Cape York 
(IIIAB), Carthage (IIIAB), Gibeon (IVA) and Dronino (ungr.). 
Method: Mineralogy and texture of sulphides were deter-
mined with a Zeiss EVO LS15 SEM and major and minor ele-
ments measured with a CAMECA SX100 EPMA at the Natural 
History Museum. To obtain in-situ trace elements concentrations, 
LA-ICP-MS measurements were carried out at the Open Univer-
sity on an Agilent 7500a coupled with a NewWave 213 nm 
Nd:YAG UV laser. Three metallic standards (NIST steel 1262b, 
Hoba and Filomena) and a sulphide sample (Cape York Agpalilik 
troilite BM2005M57) were used to provide an external calibra-
tion. Trace element concentrations of sulphide from Cape York 
and Toluca were determined by Solution-ICP-MS with dissolu-
tion in nitric acid, also at the Open University. 
Results: We measured the metal composition of all 6 meteor-
ites and of troilite in Cape York, Nantan and Toluca; troilite and 
chromite in Carthage; daubreelite and fine-grained nodules of 
eutectic texture in Gibeon. Metal trace element concentrations are 
in very good agreement with the literature [2, 3, 4]. LA-ICP-MS 
data for Cape York show that the sample provides good repro-
ducibility (over 18 runs) and is homogeneous at the cm scale on a 
profile of 14 80µm wide spots across it. Selenium is the most 
volatile element measured in the sulphides by LA-ICP-MS, and 
average concentrations (in ppm) are 13±4 for Dronino, 16±4 in 
brassy material and 33±3 for daubreelite from Gibeon, 98.0±0.2 
for Cape York, 133.9±0.2 for Toluca and 163±43 for Nantan. 
Solution ICP-MS analyses of troilite also gave Tl results of 
96.7±2.9 ppm for Toluca and of <3 ppm for Cape York. 
Discussion: The presence of a poikilobastic daubreelite in a 
brassy nodule of Gibeon indicates that this texture is due to shock 
metamorphism as suggested by [3] and not gas buffering as in-
ferred in [5]. An alternative explanation for the presence of vugs 
in Gibeon is fluid mobilization due to shock melting. Following 
ordering of the elements by volatility and normalizing to CI 
chondrites [5], we observe a depletion of the more volatile ele-
ments in the metal and the sulphide. Gibeon does not show a 
greater depletion therefore it is unlikely that it experienced sig-
nificant volatile loss through shock melting in our nodules. 
References: [1] Goldstein J.I. et al. 2009. Chemie der Erde 
69:293-325. [2] Malvin D. J. et al. 1984. Geo. et Cosm. Act. 
48:785-804. [3] Buchwald V. F. 1975. Handbook of Iron Meteor-
ites, University of California Press. and ref. therein [4] Smales 
A.A. et al. 1967. Geo. et Cosm. Act. 31:673-720. [5] Petaev M. I. 
and Marvin U. B. Abstract #1376. 28th LPSc Conference. [6] 
Lodders K. 2003. The Astro. Journal 591: 1220-1247. 
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SUMMARY 
 
Sulphides in iron meteorites tell us about condensation in the solar nebula and enable 
us to trace back the composition of the asteroid from which the meteorite originated. 
Furthermore, they have recorded the crystallisation of the core and let us for example 
infer the oxygen content of the magma. Some sulphides have later on been 
metamorphosed and melted by cosmic shock and display a fine-grained appearance. 
 
GLOSSARY 
 
Asteroid: Large rocky body orbiting the Sun or a planet (in which case it is called a 
moon). It can be spherical and differentiated into a core and a mantle or have 
remained a primitive lump of rock. Most asteroids are found in the Asteroid Belt 
between Mars and Jupiter. 
 
Cosmic: relative to Space. 
 
Condensation: Transformation from a gas to a liquid or a solid, water vapour 
condenses at 100
o
C under normal conditions of pressure. 
 
Fireball/shooting star: great ball of fire. 
 
Magmatic chamber: Massive underground bedroom for a molten magma. The 
magma is made of liquid, gas and crystals. 
 
Metamorphism: Solid state transformation of minerals within a rock following an 
increase in pressure, temperature or both. Metamorphism can be associated with 
dehydration of minerals. 
 
Meteor: an extraterrestrial rock that is going through the Earth’s atmosphere. 
 
Meteorite: an extraterrestrial rock that is found on the Earth’s surface, it can come 
from an asteroid, a comet, a planet or a lost extraterrestrial spaceship. 
 
Poikiloblastic: Fancy scientific name from the Greek poikilos- meaning varied and 
blastos- meaning germ, sprout. In geology, it is used to describe the presence of small 
bits of pre-existing rock in a mineral. 
 
Solar nebula: Large cloud of material accreted around the Sun from which the 
planets formed. 
Figure A.4: Abstract presented at the Imperial College graduate school research
symposium.
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Why study iron meteorites? 
Most iron meteorites are fragments of cores from planetary bodies that 
have differentiated and been destroyed. They are mainly made of iron 
and nickel and slowly crystallized meter-sized crystals that decomposed into 
a finer pattern upon cooling, called Widmanstätten pattern. 
Iron meteorites record the fractional crystallization of the core of planetary 
bodies, or parent-bodies, and offer insight into formation and differentiation 
of terrestrial planets.  
Elements have geochemical affinities and distribute preferentially into different groups of minerals. The 
chalcophile elements like sulphides, therefore in iron meteorite they are concentrated in the sulphide 
inclusions. As a consequence, the bulk composition of iron meteorites has to include sulphides even though 
they represent only 1weight% and are sparsely distributed. 
When the bulk composition of trace elements of meteorites from different groups are plotted according to the 
volatility of the elements, they show a depletion of the more volatile elements. This pattern is a unique 
signature of the planet from which originated the meteorite and is an insight into the composition of 
the material that formed the planet in the solar nebula. Sulphides are among the last minerals to 
crystallize, they contain the most volatile elements. 
Dark Daubreelite (FeCr2S4) inclusion in troilite (FeS) in the Carthage meteorite, showing 
surrounding lamellae exsolved upon cooling. Scanning Electron Microscope image. 
Some groups of meteorites have chromium rich sulphides, daubreelite (FeCr2S4), and 
others don’t have daubreelite but small crystals of chromium oxides (FeCr2O4) within troilite 
(FeS). This indicates different oxygen content of the parent magma. Furthermore, the 
chromium oxides have well developed crystals faces, termed euhedral. This shows that 
they crystallized first. 
What are sulphides? 
Sulphides are opaque minerals that form in a reducing environment 
(with very little oxygen) and contain sulfur. The most abundant 
sulphide in iron meteorites is troilite (FeS). 
They make up roughly 1 weight% of magmatic iron meteorites. Their 
shape and association with other inclusions as well as their composition 
give clues about the processes going on in the multi-kilometer sized 
magmatic chamber of the parent-body.  
ACKNOWLEDGEMENTS 
We thank Caroline Smith and Deb Cassey for the loan of NHM sample Carthage (BM2005M79) and 
Anton Kearsley and John Spratt for their help using the Scanning Electron Microscope and Electron 
Microprobe at the NHM. 
The meteorite Gibeon displays a fine Widmanstätten pattern and this sample also contains 
several shocked sulphide nodules. Scanning Electron Microscope X-ray map showing 
variations in nickel content. 
Texture is the name given to describe the assemblage of minerals in a rock. In some 
meteorites, sulphides show a shock-melted texture, coined eutectic texture. It is made of 
small equant grains of sulphides and metals (see left picture) which have crystallized rapidly 
after the sulphide nodule and some surrounding metal have been melted following a large 
pressure increase caused by a shock in space. Sulphides are more sensitive to shock than 
the iron-nickel metal, that’s why they are the ones recording the shock event. 
INTRODUCTION 
SULPHIDES… …tell us about condensation in the solar nebula 
…have recorded the crystallization of the core 
…show signs of cosmic shock 
Eutectic texture in a sulphide nodule of Gibeon. The larger crystal in center left is deemed 
poikiloblastic, which means it’s shape is due to shock metamorphism (reheating without 
complete melting). Electron Mircroprobe image, the red dots are the areas analyzed for 
composition. Dark grey is Daubreelite (FeCr2S4), light and medium greys are iron-nickel metal. 
Artist’s view of the solar nebula by William K. Hartmann 
Sulphide nodules (yellow) in iron-nickel metal (green) in the meteorite Dronino. The nodule in the top right corner 
contains a small euhedral chromium oxide (red). Superimposed terrestrial weathering has formed nickel 
sulphides (pink) and iron oxides (white). Composite image created from Scanning Electron Microscope X-ray 
maps. 
Figure A.5: Outreach poster presented at the Imperial College graduate school
research symposium.
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Sulﬁdes in iron meteorites
Marlene Giscard  
Dept. of Mineralogy, Natural History Museum, 
London.
Iron meteorites are fragments of cores from 
planetary bodies that have differentiated and 
been destroyed. They record the fractional 
crystallization of the core of those planetary 
bodies, or “parent-bodies”, and offer insight 
into planetary formation. We will focus on the 
sulﬁde minerals, minor phases which make up 
roughly 1 wt% of magmatic iron meteorites. 
Their texture and association with other minor 
phases (particularly oxides and phosphides) 
give clues about the processes going on in 
the multi-kilometer sized magmatic chamber 
of the parent-body; and their composition is of 
prime importance to calculate the amount of 
chalcophile elements in the bulk of the parent-
body. At the Natural History Museum, we used 
the JEOL 5900 LV SEM and the Zeiss EVO 
LS 15 SEM to study the mineralogy, texture 
and microtexture of inclusions in several iron 
meteorites and the Cameca SX100 Electron 
Microprobe to measure their major and minor 
elements composition.
Figure 1. BSE image of a sulﬁde nodule in the meteorite Carthage. Daubreelite inclusions (dark gray) in the troilite 
(medium gray) are surrounded by a rim of exsolution lamellae of daubreelite.
3.
Figure A.6: Abstract for the 2011 Society of Electron Microscopy Technology meet-
ing.
Appendix B
Cutting of the Cape York meteorite
The piece of Cape York Agpalilik from the NHM collection (BM2005M57) is
too large to be cut on the circular saw. It was therefore cut using a band saw as
seen on Figure B.1. During cutting the blade is lubricated with water and Gulf
cascade 300 coolant to prevent over heating, the sample is then cleaned with water
and isopropanol. The sawed fragments of Cape York were separated into 3 samples:
1 piece of metal and adjacent troilite were mounted into a thick section for use as
reference material in LA-ICP-MS analysis, a 51.5 mg fragment was dissolved in acid
for solution-ICP-MS and the rest was ground into a powder with an agate mortar,
an aliquot of 137 mg of powder dissolved for solution-ICP-MS and the rest used for
non destructive X-RD analysis. Details about the orientation of the sample relative
to the main mass used in the thick section are shown in Figure 4.10.
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Figure B.1: Cutting of Cape York with a band saw at the Natural History Museum.
Left: the saw blade is changed before cutting the meteorite to avoid cross contam-
ination. Right: During cutting the blade is lubricated with water and coolant to
prevent over heating. Note the axis drawn onto the sample. The cut is made par-
allel to the (x, y)-plan, orthogonal to z. Those axis indicate the orientation of the
sample within the Agpalilik mass relative to elongation of nodules and location of
phosphate and chromite within the nodules. Photo credit: Walter de Vos.
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Appendix C
Contribution of elements to the
calculated bulk composition
The bulk composition of the iron meteorites studied by LA-ICP-MS has been
calculated as the weighted average of the kamacite, taenite or plessite, sulfide and
schreibersite composition using the calculated modal mineralogies of the rocks. The
contribution of each phase to the bulk for each elements are given in normalized
cumulative bar plots in Figures C.3 to C.4.
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Figure C.1: Normalized cumulative bar plots showing the contribution of each phase
in the calculated bulk 1 composition (Table 4.25) of the iron meteorites studied by
LA-ICP-MS. The calculated bulk compositions are shown in Figure 4.53.
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Figure C.2: Normalized cumulative bar plots showing the contribution of each phase
in the calculated bulk 1 composition (Table 4.25) of the ungrouped iron meteorites
studied by LA-ICP-MS. The calculated bulk composition are shown in Figure 4.53.
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Figure C.3: Normalized cumulative bar plots showing the contribution of each phase
in the calculated bulk 2 composition (Table 4.25) of the iron meteorites studied by
LA-ICP-MS. The calculated bulk composition are shown in Figure 4.54.
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Figure C.4: Normalized cumulative bar plots showing the contribution of each phase
in the calculated bulk 2 composition (Table 4.25) of the ungrouped iron meteorites
studied by LA-ICP-MS. The calculated bulk composition are shown in Figure 4.54.
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